E LOS (FOV t © ce 


WEAR. 


Usure Verschleiss 


AN INTERNATIONAL JOURNAL 
ON FUNDAMENTALS OF FRICTION, LUBRICATION, WEAR, 


AND THEIR CONTROL IN INDUSTRY 


HONORARY EDITORIAL BOARD 


F. T. BARWELL, London M. C. SHaw, Cambridge, Mass. 
W. Boas, Melbourne E. M. Simons, Columbus, Ohio 
F. P. BowpEn, Cambridge H. Wau8xz, Stuttgart 

B. V. DERYAGUIN, Moscow K. WELLINGER, Stutigart 

I. SakuraDA, Kyoto 


Editor: 
G. SALOMON 
Delft 


HONORARY ADVISORY BOARD 


H. Brox, Delft B. Lunn, Copenhagen 

E. BRANDENBERGER, Zurich M. E. MERCHANT, Cincinnati, Ohio 
J. T. BURWELL, JR., New York P. NicoLau, Paris 

A. A. Capocaccta, Genoa T. Sata, Tokyo 

M. M. Kuruscuov, Moscow R. S. Varma, New Delhi 


) 


vv + = 
a Ce ree ee ee 


ad 


© he 


ad 


ae. 


WEAR 329 


STABILITE DE LA POSITION DE L’ARBRE DANS UN PALIER 
A GRAISSAGE HYDRODYNAMIQUE 


JEAN KESTENS 


Institut de Mécanique appliquée de l’ Université de Bruxelles (Belgique) 


SUMMARY 


This paper is a critical study on the stability of a journal bearing, related to two assumptions 
made concerning the oil-pressure distribution. The two cases considered are: (1) the so-called 
full journal bearing (Sommerfeld case), and (2) the actual pressure distribution according to 
BRADFORD, TIPEI, etc. The stability of the journal under a constant load is studied and compared 
for the two cases, making reference to the extensive work of Tipzr based on assumption (2). 
The limiting case of a constant load equal to nought is also considered because at high speed, or 
under a small load, the inertia forces are much larger and thus, in a first approximation, the 
constant load can be neglected. 
RESUME 


Nous nous proposons d’étudier la stabilité de la position d’équilibre d’un arbre dans son palier, 
en graissage hydrodynamique, en considérant deux cas distincts pour la distribution des pressions: 
(1) la répartition correspondant au film porteur complet (cas Sommerfeld) et (2) la répartition de 
pression réelle d’aprés BRADFORD, TIPEI, etc. Nous étudions la stabilité de ’arbre soumis 4 une 
force constante dans ces deux cas, en nous référant au travail important de T1pEr pour le cas (2). 
Le cas limite d’une force nulle est.également étudié parce que a grande vitesse, ou sous une faible 
charge, les forces d’inertie sont prépondérantes et donc, en premiére approximation, la charge 
constante peut étre négligée. 


INTRODUCTION 


La présente étude a pour objet de dégager les hypothéses qu’on place a la base de 
l'étude du graissage hydrodynamique, et d’en tirer les conséquences quant 4 la sta- 
bilité de la position de l’arbre dans le palier. De nombreuses études sur ce sujet ont 
paru récemment. I] nous a paru que bien souvent on tirait des conclusions un peu 
hatives de résultats particuliers: on a par exemple voulu expliquer 1’,,Oil whip’, ou 
instabilité de l’arbre a certaines vitesses de rotation a partir des résultats d’une étude 
de Swrrt qui néglige la masse de l’arbre!, on a cru pouvoir expliquer ce phénomene 
d’instabilité en tenant compte des forces de viscosité (ORBECK)? ou en introduisant 
a posteriori une force de rappel élastique invoquée pour justifier linstabilité a certaines 
vitesses de rotation, mais il n’est pas expliqué d’ot proviendrait la réalité physique de 
cette force (PORITZKI)®. 

Un traité fort complet du graissage hydrodynamique dt a T1PEI est paru récemment 
(1957)4. Les équations de base sont établies avec une grande rigueur a partir des 
équations de Navier-Stokes. Nous nous sommes basés sur ce traité d’une fagon éten- 
due, et avons adopté les notations de TIPE!. 

Notre but est simplement d’essayer d’éclairer le probléme de la stabilité qui est 
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fort complexe, en voyant en quoi les hypothéses de départ qu’on doit faire sur le film 
d’huile viennent modifier cette stabilité. Un autre aspect que nous ne faisons qu’ef- 
fleurer ici est celui de la fréquence du mouvement du centre de l’arbre. Lorsque celui-ci 
se trouve en état d’instabilité ou d’auto excitation, il prend un mouvement périodique 
car les phénoménes sont non linéaires et l’amplitude du mouvement s’en trouve limitée. 
Nous rappelons les résultats qu’a obtenu SwirtT dans cet ordre d’idée lorsqu’on néglige 
la masse de l’arbre mobile dans le palier fixe; nous citons encore les récents travaux 
de JAumorTE® traitant de problémes analogues en partant des mémes hypothéses de 
départ. 

Nous voudrions finalement rappeler l’existence d’une explication des phénoménes 
d'instabilité qui nous parait trés satisfaisante et qui se trouve exposée dans le traité 
de BIEZENO ET GRAMMEL, (ref. 6, p. 168-176). 


NOTATIONS (Voir Fig. 1) 


Oi, O2 centres de l’arbre et du palier 

"1, V2 rayon arbre, palier 

A = r2— 7 jeu radial 

e distance O; Oz = excentricité 

ow e/A = excentricité relative 

b largeur du palier 

yp A / 11 

t vecteur unitaire de direction O; O2 

n vecteur unitaire 4 7/2 en arriére de ~ par rapport au sens de 


rotation 21, 22 indiqué sur la figure 


Q1, Qe vitesses angulaires de rotation de l’arbre et du palier 

be coefficient de viscosité dynamique 

A b/an 

oO angle entre — et la force extérieure F appliquée a l’arbre 

6%, angle entre + et la résultante des pressions 

m masse (effective ou apparente a l’arbre) 

y angle définissant la direction de la force F appliquée a l’arbre 

Y angle définissant la direction O; Oz des centres de l’arbre et 
du palier 
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I, EQUATION DE REYNOLDS (d’aprés 4) 


Soient deux surfaces mobiles Si et Sz. Leur vitesse absolue est respectivement Vi et 
Vz. On attache a S; un triédre trirectangle curviligne: x1 et x3 sur la surface Si, x2 
perpendiculaire 4 S;. Les composantes de V1 et V2 sont respectivement Vii, Viz, Vis 
et Vo1, Voz, Vos. Un fluide incompressible de viscosité w est en régime laminaire entre 
Si et Sz. Si nous négligeons les forces d’inertie et massique de ce fluide, les équations 
du mouvement du fluide se réduisent aux équations d’équilibre, ot v (v1, v2, vs) est 
la vitesse du fluide. 
dp 221 »? wp d2u3 


— ; EEO; a I 
or1 y owe We 0x3 is one a) 


si nous supposons que la distance 6 des surfaces S; et S2 est faible et qu’en conséquence 
la variation de # est négligeable suivant 6 (Fig. 2). 


Fig. 2 


Intégrons ces équations, en tenant compte des conditions aux limites 


pour x2 =0 UW =Viv ve=Vi» v3 = Vis 
(2) 
pour w2= 6 1=Vev ve= Vex vs = Vos 
On obtient 
n) Va — V. 
=—— P wa(va— 8) + = + Vin 
stints (3) 
Py) Vo3 — V. 
v3 = peice #2(4%2 — 6) + a Vis 
2 0%3 6 


L’équation de continuité donne, en supposant le fluide incompressible 


divd oV1 2 dv2 a 0U3 a 
Ty 0 = — = 
or1 v2 0%3 
soit 
ny) 
We ce 3 ov1 pa OB (4) 
d*%2 O*1 0%3 
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Intégrons sur 6, compte tenu de (3) 


é W2 ) I op 
wtaatan af fot 
fh Xe ie Vas os 0 : 0*1 ( fe Vag 041 
P) I op d Vo1 — ou r) ( Vo3 — Vis )| 
— 6)— = 
eae ds [( i; al 2 o*1 6 d4¥3 6 

4 Vi. 
oVi1 r) “| an 
or1 0x3 


Effectuant, on obtient l’équation différentielle des pressions (ref. 4, p. 62) 


d 63 0 r) 63 2 06 
(— P ) +— (— p = [ 2(V22— Vas) — (Van — Vn) 
041 \M O*1 o4%3 \M 0X3 or1 


(5) 


V V. eV. V7 
Svan d6 46 (“ a1 + Vin) 4 (Vos + Vis) )| 
oO”. 0*1 0x3 


Cas du palier infint 
Supposons un palier de largeur infinie, et l’écoulement plan. Dans ce cas 3/dx3 = 0. 
Le second membre de ]’équation (5) se réduit a 


46 (Var + a) (6) 


owr1 


v6 
6 2(Vax — Via) — (Vai — Vi1) 
x1 


et nous allons calculer cette expression. 


Soient V1(Vi1, Viz) la vitesse des points de l’arbre de rayon 71 
V2(Vo1, V2) la vitesse des points du palier de rayon 72 
Nous référant aux figures 1 et 3 nous avons 


V1 = Vo, + nrg, Vo = Po, +- 12 Qate, et Vo, = Vo, + é§ + eqn 


Wear, 3 (1960) 329-357 


LA POSITION DE L’ARBRE DANS UN PALIER 333 


Via Vutg, = 0, Te, + 121 


Va = Dore = ( oe éf + epi) Te | + YaQate Tz, 


= ote, —ésin 6 — eg cos 6 + 7222 cos € 
Voz = Vat, = ( Vo, +a + e@it)-In, + r2QateT, | 
= 0,°1,, + cos 6 — eg sin 6 —72.Qs sin 


et l’expression (6) s’écrit 


6 fale cos 9 — eg sin 6 —71(1 + yw) Qe sine 
ia ‘ 20 
+ [2.— (1 + p)Q2 cose + = (é sin 0 + eg cos 0)| 6 (6a) 
1 


() n) 
—— [2 cos 0 — eg sin 0 + 71(1 + wp) M2 sin « ~| 
V1 06 


Projetons 0102 ++ OxAe- AOr = (0) Sle O1A. Ona 


ecos @ + 72 cose—d—71 =O (7) 


Nous supposons e/71 et e/72 < 1 donce < 1 et cose ~ I. L’équation (7) donne 


6 = %2—7 + ecos6 = A(I + «cos 6) (8) 
avec 
A 
@=caA, y= — 
(fii 
et 
v6 
— = — Aw sin 0 
50 Os (9) 
On a aussi 
: ; ? Vor ‘ e sin 6 Ax sin 6 
4 = 1 = .qjKqer SS ——— 
(a) esin@ = 72.sine = (1 + y) siny ou sin € viele wae nls oa 


soit avec (9) 


: I v6 
sine = — te 
v1(I =r y) 20 > rf) 
é é cos 
(b) e cos 6. dd = 7i(1 + y) cose de dou 20 (I + p) cose 


et le dernier terme de (6a) s’écrit 


é cos 8 
ri(I + p) cose 


P) : 
vi(I + p) Qe sin = = 71(1 + wp) M2 sin e = 2 e cos 0 tg 
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et (6a) s’écrit 


6} 2(é cos 6 — e@ sin 8 + 2. ™ + [Qi— (1 + y)Q2 cos e + y(aé sin 6 + ag cos 8)] x 
— d(pa cos 0 — pag sin 0 + Q2x cos 6 tg | = 
= x [Q1 + 2Q2— (1 + y)Q2cose + y(a sin 6 + ag cos 6)] 
+ 2A(& cos 6 — «@ sin 6) — d[y(& cos 6 — ag sin 6) + Mex cos 6 tg el] 
& et @ sont du méme ordre de grandeur que Qi, et Qa yp < Tet cose ~ 1, d’ou 


~6 [- (Q: + Q2) + 24a cos 6 — 2Aa¢@ sin 6| 


et —2dag sind = 26 — d’ot finalement l’expression (6a) s’écrit 
= 96 : 
~ 6[(O1 + Os + 29) = + 23] 


et l’équation différentielle (5) s’écrit 


v(— 2) = 6r2(@ + 28) avec Q = 2, + Qe + 2¢ (10) 
Miva 6 ees Cass aati 


C’est l’équation de Reynolds généralisée. 


2. RESULTANTE DES PRESSIONS 
En intégrant (10) on trouve la répartition des pressions et on en déduit la résultante 
des pressions P(P:, Pn). Pour effectuer cette intégration, il faut introduire les con- 
ditions aux limites de |’équation différentielle (10). C’est ici qu'il y a lieu de faire des 
hypothéses. Nous considérons les deux cas suivants: 
(a) Hypothése de SOMMERFELD, ou du film porteur complet 


p(6) = p(@ + 2n), fu = constante (11) 
avec cette hypothése nous parlerons de ,,l’hypothése Sommerfeld”’ ou du ,,cas Sommer- 
feld’’. 

(b) Hypothése qui semble plus en rapport avec les résultats d’expérience 
p(6) = plo) = p(2a) = po pour t= 6 = 27 (12) 


Cette derniére hypothése est utilisée systématiquement par TPE! (ref. 4, p. 81). Elle 
semble étre justifiée par l'ensemble des résultats qui en découlent (voir également 
SHAW ET Macks}, p. 240). 

En outre TIPEI suppose que la viscosité varie suivant la loi: 


6 


q 
n=m(>) oNqKI (13) 
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Cette loi tient compte de la variation de la viscosité w avec la température et avec 
la pression. Avec ces hypothéses, nous parlerons de ,,l"hypothése Tipei’”’ ou du ,,cas 
Tipei’’. 
Avec l’une ou l’autre de ces hypothéses, la résultante des pressions est donnée par 
les expressions suivantes, pour une largeur b du palier (supposé infini)*. 
REC BM ona on 


ou C; et Cn sont des coefficients sans dimension. On trouve 


(a) Cas Sommerfeld 


C 270% C 27 7 os mt eas 
=> = SS ae) av = = 
n (2 au x2) (x ie a2) V2 , t Q ( Ss a2) 8/2 q L M1 5 


et C; = 0 lorsque & = 0, il s’ensuit qu’on ne peut pas négliger le terme variable & 
dans ce cas, méme lorsque « est petit. 


(b) Cas Tiper 
Dans cette hypothése, on suppose « petit et on le néglige. Il est en effet difficile 
d’utiliser les conditions aux limites (12) lorsque & 40; les calculs sont longs et le 


résultat de l’intégration ne peut étre donné sous forme finie, Dans ces conditions on 
obtient 


pour q = 0: 
a, 202 
ae 8 spe 6 
os = (2 + a?) (1 —a?)2" s (1 — a?) (2 + o?) = 
pour q = 1: 
Ga eee = (1 — «2)¥2) Ge =—h - = —i2 (17) 
5 = 


Contrairement au cas Sommerfeld, il est maintenant justifié de négliger les termes 
en &, pour & petit. 

TIPE! a également fait le calcul pour un palier de largeur finie 0, dans l’hypothése 
q = I, en partant de l’équation générale (5). Les calculs sont fort longs. Les résultats 
sont donnés sous forme de tableau donnant Cp, C; et 0*, angle entre P et #, pour 
ee A C2 = 2 et 0 Kez Fel. Zp. 275}: 


3. EFFET DE LA VISCOSITE 


Les expressions (14) 4 (17) ci-dessus donnent la force résultante due aux pressions 
dans le fluide. Nous nous proposons d’évaluer la résultante des forces de viscosité. 


* Supposer le palier infini revient 4 supposer que l’écoulement d’huile est bidimensionnel, et donc 
qu’il n’y a pas de fuite latérale. 
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Dans les mémes hypothéses que celles posées au début du no. 1 ow on néglige les forces 
d’inertie et massique du fluide, on a I’équation d’équilibre des fluides visqueux 


oV1 dv2 ) ( ov1 ) 
Tig = ta = —— | o- 18 
12 21 = 4 ( tp + 5 Lb ryt pale (18) 


ou T12 est la tension tangentielle du fluide en contact avec l’arbre. 
D’autre part les équations générales de Navier-Stokes se simplifient et donnent 


wp 0701 
a = Ub Da (19) 
soit, en intégrant (19) 
oP 


org Civ, + Ce 


Les constantes d’intégration Ci et C2 sont déterminées par les conditions aux limites 
(Fig. 4). 


x 


¥, Vo9 


cE A 


Fig. 4 


v1 = Viz pour #2 = Oo, v1 = Voi pour #2 = 


ve op Voi — Vir 
= aT ¥o(¥%¥2— 6) + Bedi vais + Vi 


U1 


qui n’est autre que l’équation (3) trouvée précédemment, et 


(se) aint ta (2?) Va — Vag 
42 /a,=0 2m \ 41/2, =0 Bs 0) 
2 

et 

AVE Rags Vir — Var ~ (<2) 

6 = O*1 © ,=0 (2p) 
Ona 
Vir — Var = 11.21 — r2Q2 cos e + ésin 6 + eG cos 0 
= eres A id Hee 
e=ad, é= ad, M mt socks x et vo = (I + y)n 

donc 


Vir — Var = 73{221 — (I +- p) Qe of (a sin 0 + ap cos 0) y] 
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y <1 (y = ro-8) 


Vir — Var ~ 171(21 — Q2) 
et (20) s’écrit 


YL to) op 
See eke C8 UG te 
T12 5 (Q1 2) + 5 beak a (21) 


On peut souvent admettre que dans t12, le terme en 3p /d0 est négligeable devant 
le premier terme en (2 (en supposant Q2 = 0). 


(a) Dans Vhypothése Sommerfeld V équation (10) de Reynolds 
= (— =) = o20~ 26 Omar Oa 
36 Vn 26 = Ore ae Mes Le = 2; + Q2 + 29 (10) 


donne par intégration 


20 ARI +acos6)? A%Xz BE cod 618° 


op 6r1 Qu 6ri Qu ia fe 5 d6 


om Ad cosh 6 Met | 60 = Adsin 6 


do est une constante d’intégration et représente l’épaisseur 6 du film d’huile a l’endroit 
ou la pression # est maximum. On trouve (a partir de l’équation donnant (6) et la 
condition (11)) do en cherchant # max. et on obtient (TIPEI, ref. 4, p. I10, g = 0) 


ie 
Oo == 7/4 
2+ a2 
d’ou, en supposant 22 = 0 (palier fixe) 
V1 V1 loa 30 sin 0 
eae eo pes 0) nee 
Se aa, ae tes Re cacy os ais Se 


soit expression équivalente 


sin 6 OURAN I —o? 


22 
6? 6? 2+ a? ot 


V1 @} F 
— To = Eb + 3u"1 a + 6unA& 

avec 
Ono, Q = Q; + 29* 


* Ce résultat est en accord avec JAUMOTTE (ref. 6, p. 18-19) qui écrit (nous transposons ses 


notations) 
5H 


oP sin 6 18% 
%0 = one Q + r2pr1Aé —— a Fg 
avec : i 
V1 N04 
= — oe 2 A8 
- ( A i 2+ a? 
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(b) Dans l’hypothése Tipei, le résultat est le méme, 4 condition de négliger de nouveau 
le terme en &, comme dans le calcul de la résultante des pressions. Dans ce cas-ci 


dp/d0 = o pour t <O < 2a. 


3.1. Résultante des forces de viscosité 
Ona, si Fz et Fyn sont les projections sur #et 7 dela résultante des forces de viscosité 


on 
Fut =| —T27 sin 6 dé 
0 


Q7 
Fyn = 0 | — tar cos 6 dé 
0 


soit: 
vy, ¢2" sin @ dé 30 B sin 6 d@ 
Fut = buQ — jones mf, iS | ——: 
a e aa Re er ak of A . + a2 (1 Ee 
f sin 6 cos 6 dé sin2 6 dé 
(ate) = ot Sf 
o (I + « cos 6)? I + « cos (1 + & cos 6)? 
27 cos 6 dé 1 30 & cos 8 dé 
Fun = buQir —————— 2 = bs. | [ 
pe B Ra o I +acos@ aoe A Ss 2 + «2/0 (1 + «cos 6)? 
B , i 
| cos? 6 dé | + ous So # sin @ cos 6 dé 
(1 + « cos 6)2 1A o (I + « cos 6)2 


Avec P = 2 dans l’hypothése de Sommerfeld, 8 = a dans l’hypothése Tipei ot on 
néglige le dernier terme en & et oU nous supposons, pour simplifier les calculs g = 0 
(viscosité constante). Evaluons les intégrales. 


Ona: 

27 sin 6 dé 27 cos 6 dé 27 I 
eras a | eer = (bapegisiie oe 
a sin 6 dé 2 sin 6 dé 
(rE (1 +acos6)2 1—a2 ine (x + a cos 6)? = 

7 sin 6 cos 6 dé 27 sin 6 cos 6 d@ 
J, (rt + acos6)2 — eee (1 + « cos 6)2 ros 

—I 2 I I—o 

on — aa I =H 

a sin? 6 dé _ 4% I 27 sin? 6 dé 20 i 
Pomme iar er). ) Ne 1 + « cos 6)? ee 
us cos 6 dé ay — 70 27 cosioid@ — 270% 

o (I t+acos6@)2 (1 —«@2)3/2 ire I+acos6)2 (1 —a2)3/2 

n cos? 6 dé a7 _cos2 6 d@ 

0 (7 +a cos 6)? Binge sor I + « cos 6)? 

% mu I— 202 20 2% I — 2x2 

a2 ax? (1 —o2) 8/2 a2 ge (1 —a2)3/2 
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d’ou: 
(a) Cas Sommerfeld: 


Fy = 


I2umnb a ( I 
) 


y a2 \(1 — a2)¥e 


2munb ( Qy I 
pao () 
y X (I — x2) Ye 


A0 302 I I — 202 
3 (2 + o2) (1 — «2)3/2 a2 (: <a 
ee ee 
terme provenant de dp/00 
(b) Cas Tipe: 


ee | 3a? asi 2 +—in-—-) | 
y 2+a2 1 — «2 a \I — «2 fo 1+. 
a 6urib «= (—-}) 
yt oe? \(ne alt 
F. = BQiNndb 2 ( I ) 3uQr1b 30 — m0 (24) 
pee ye ca (aeseas ” (2+ at) (1 —a8)82 


ree [: a al}- oe = ( g ae 


a2 (1 — o?) 3/2 y a \I —o2 fo I+a 


Les derniers termes de ces expressions, soulignés en traits interrompus, sont incorrects 
car pour appliquer les conditions aux limites de Tipei nous négligeons le terme en a. 
Nous pouvons cependant considérer que ces termes soulignés nous donnent un ordre 
de grandeur, ils sont négligeables devant les autres termes car nous supposons «& petit. 
Dans le cas Sommerfeld par contre, le terme & n’est pas négligeable. 


4. EQUATION DU MOUVEMENT DE L’ ARBRE DANS UN PALIER FIXE 


L’arbre de masse m est soumis a la force # + R = résultante des forces agissant 
sur l’arbre, soit la résultante des forces extérieures F agissant sur l’arbre + la résul- 
tante des forces de pression P + la résultante des forces de viscosité F’ yw: Les équations 
(14) a (17) et (23) (24) donnent pour l’action du fluide sur l’arbre, 


(a) Cas Sommerfeld 
fee = Pe Ee 


I2ur1b a 12mur1ib a I 
Ce ce Wire we Pee 88 \t—at)2 ) 
(25 
Rn = IES =F Fun 
r2ur1bQ Oo =D 2mt7v1b (= ( I “a :) 
~ y® (2 fat) (r—a%}t op Na \(r—atite 


+ 3082 [ee (: Ae ean 
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(b) Cas Tipet, g = 0 


R 6u2r1b 202 3u271b «| a, 
ie ye (x — a?) (2 + a?) y 2+o02 1—oa? 
Hi 2 b igs es 
— ] ) | a 
lo —- o I+«e crake 
(26) 
R 6uQr1b TUX te wQNnb 20 ( I = :) 
sts ye (I — o2)¥2 (2+ a?) y os (1 —«?2)¥2 
34 271d — 302 I was 202 1] : 
ee) Wer anaena tar | aan eee 


Soit O un, point quelconque de 0102 (voir Fig. 1). Vi est la vitesse du point O; (i = 1.2) 
et & = 00: = O00; E (6 =4 352). Ona Vi= Voté et é: = (é)ra + p x & = é¢t + 
@ X Gi) Ov (é)re1 est la vitesse relative de O; par rapport aux axes mobiles (#,”), soit éf. 
Donc % = v0 + éf +9 X & et 


ji =o + ek + OxXGE +EXE + @x (4é + GX &) 
2 2 (27) 
=V0 + i + 29 X éit + G X Gi — EG? 


et le théoréme de la résultante cinétique donne miji = Ri + F; 
m; (t = 1.2) étant la masse de l’arbre resp. du palier, 
qi (1 = 1.2) étant l’accélération du centre de l’arbre resp. du centre du palier, 
Ri + Fi (¢ = 1.2) étant la résultante des forces sur l’arbre resp. sur la palier. 
On en déduit les équations du mouvement de l’arbre (: = 1). Prenons O = Oz, ona: 


= 2 ey Ee eee ne 3 om I 5 
fi = V0, + &t + 29 X Gt + @ el A ae F) (27’) 


avec R= Rk, m=m, & =O01 = 020, = —él, donc e; = —e 


Si le palier est fixe, Vo, = o. L’équation (27) projetée resp. sur 7 et sur » donne: 


— é+e¢2 = (Re + Fr) 


i 
m 


— 296 —ep = (Rn + Fn) 


Ez 
m 
soit, avece = a4 


- *. I 
ae lea Ms do ate ORL a + F;) 


| ar Y i 
— 29a — ap prs Sa AG + Fn) 


Ces équations ont été établies par Tipe (ref. 4, p. 489). 
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5. ARBRE SOUMIS A UNE CHARGE / CONSTANTE 


Fa pour composantes 
FF, =—F cos? Fy, =—F sin 0 


(a) Cas Sommerfeld. Les équations (28) s’écrivent avec (23): 


I2ur1b a 


i a a a 
(—a + ag2\mA F cos & + R; F cos ® + oe ae: 


I2muv1b ak (6) 
y ow? ae Re :) (29) 


12ur10Q I 


— 2 pa — ag) mA =—F sind?O+ R, =—Fsin 
( pa ap) ce n an yp? (2 + ox?) (I —o2)"e 


27v1b 
¥ 


foc Gil@ea s ay (30) 


L’arbre est en équilibre sous l’effet de la force F et de la résultante R des forces de 
pression et de viscosité siaé = a& = @ = 0,2 = D:. 

L’équation (29) donne cos } = 0, soit d= 7/2 et l’équation (30) donne « pour F, 
wu, y et 21 donnés. Le terme dt a la viscosité en 1/y est < par rapport au terme da 
aux pression en 1/p? (wy étant de ordre de 10-3 par exemple), aussi le fait de tenir 
compte du frottement par viscosité ne change que peu le résultat classique de Som- 
merfeld. 


(b) Cas Tiper 


6u rib I EAP 
o =— Fcos®# + C; +— (terme négligé) et Q = Q1 
pr + ae y 
(31) 
Pans MRE See eat seligé) 
= — sin. Fe ae ee a — (terme negiige 
: yr taje " p es 
Ce cas est traité par T1pEi1 dans le cas ou w = constante (g = 0) et dans le cas ou 


est variable, donné par “ = 1(0/61)2. Comme nous I’avons signalé au no, 2, TIPEI a 
également traité le cas du palier de largeur finie, avec g = 1. Le lieu de Oj est assi- 
milable a une ellipse lorsque F varie en grandeur, mais non en direction. Sila charge [’ 
est verticale, l’axe vertical de cette ellipse vaut A et l’axe horizontal 2H (A) (avec 
A = b/2r) qu’il est possible d’évaluer. 


5.1. Stabilité de la position d équilibre 
Pour étudier la stabilité de l’équilibre, nous nous demandons s’il peut y avoir des 
petits mouvements régis par les équations (29) (30) autour de cette position d’équi- 


libre. 
La position d’équilibre est définie par ao, yo, Ho et les positions voisines sont 


définies par « = xo + 6a, p = Yo + Og, B = Bo + OV. 
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a 


Puisque nous supposons la charge F constante, on a y = constante = # + ¢ et 
donc dy = —dd. 
Les équations du mouvement de l’arbre sont: 


(— & + «¢?)mA = — Fcosé + R; (32) 
(— 2a —ag)mA =— F sin + Rn 
et a l’équilibre 
o = — Fcos % + (Ré)o 
(33) 
o = — F sin + (Rn)o 


On en déduit, en linéarisant les équations (on néglige les produits et puissances de 
dx, d&, Og, ... considérés comme des infiniments petits d’ordres supérieurs). 


2 A = F sin 6 66 aR) 5a + (2) 5a 4(—) ag “i 
aes oe * " — S * 
(— 6a& + Goda + 2Gox0dx)m SOY, + ( ete da /o oP /o i" 


(34) 
(— 2G0da — 2095 — Goda — a0d¢)mMA = — F cos H 6b 


(>) 5 +(3 
+ da /o % oa 


et go = Go = co = O, d’ot le systéme 


—mAba =A 
(34) 
— mAnodg = B 
Nous cherchons des solutions en exp. (vt) pour dx, dg. Notant que 6% = —dég ona 


I’équation caractéristique (nous laissons tomber les indices 0 pour alléger |’écriture 
mais il faut se souvenir que les différents termes sont calculés a la position d’équilibre) 


IR wR IR 
MUA VE a en ne F sin 6—s-— 
le oa op 
=O a 
wR wR wR 
—? a oe ak, — mAav? — F cos d— v = 
oa oa dp 


En développant ce déterminant, nous obtenons une équation du 4éme degré en » dont 
les parties imaginaires des racines donnent les pulsations des petits mouvements et ces 
mouvements seront effectivement petits pour autant que les parties réelles des racines 
soient négatives (critére Hermite—Hurwitz—Routh). 

Cette équation du 4éme degré s’écrit: 


WR WR 
(mA)?av4 + [ma au + mAn *|8 -- [nar cos # + she hare ois RES 
wp da da de «=D 
dR: ] dR: wR, Wa Rn oR: OR 
<=" |v2 + [# 00s 9 — a F sin 0 ——. *| 
Ww «dD Sar ae w@p aah da 29. -aaalle (36) 
wR wR 
+ Fcos #8 (+ Fsing— ee 
on 0X 
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soit 
aov4 + aiv3 + agv? + agy + a4 =0 
Les conditions de stabilité (partie réelle des racines négatives) sont: 
2 
a >0, 4 >0, g= a1a2—a4a3 >0, asg—aid4 >0, da >O (37) 


et en vertu des deux derniéres conditions, la condition g > 0 peut étre remplacée par 
az > 0. 
(a) Cas Sommerfeld. On a 


TG wR: oR: 
Soa ota hae 
2 op /o ox /o 


(car & = 0 a l’équilibre), 


(—*) Wn wR: 
. =O; ==-0; ( = 0 
ag Jo de da /o 


On a donc ao > 0, a1 > 0, a3 = oO. Les trois derniéres conditions s’écrivent: 


Oh - Gis > 0 et a1 > (38) 


Rn WRt\ We In 
+ 


=mA 
- mA (= re 


dae (OG 
et les deux derniéres conditions sont incompatibles: il y a instabilité. 

Ce fait est di a ce que az = 0, parce que # = z/2. Lorsque } 42/2 (cas Tipei et 
cas se présentant en général dans la réalité), R; contient un terme indépendant de «, 
dR:i/da« A 0 et az 0 méme Si on néglige les termes en «&. 

Cette instabilité du cas Sommerfeld existe déja lorsqu’on néglige les termes de 
viscosité. On peut montrer qu’elle subsiste également en faisant l’hypothése de visco- 
sité variable. Cette conclusion bien connue a, entre autres, déja été obtenue par 
PorRITSKy8, 


(a bis) Cas Sommerfeld avec m = 0. Ce cas est souvent repris dans la littérature. 
Il a été étudié par Swirt (voir ref. I, p. 357-359). La méthode utilisée ci-dessus se 
préte bien a l’étude de ce cas qui devient ainsi trés simple. 

Faisant m = o dans les équations (34) a (36), et notant que (dR:/d«)o = (dRn/da) 
= oet # = 7/2 (ce résultat établi au début du no. 5 est encore valable quand m = 0), 
l’équation caractéristique en » se réduit a 


wR, oR oR 
qe ane? eye oe (39) 
ONe4 op ow 


Afin de simplifier le calcul, nous négligeons les forces de viscosité pour évaluer R. 
Cette hypothése est généralement faite (sans qu’elle soit explicitement formulée) et se 
justifie parce que F , du a la viscosité est un terme en I/y < que P qui est en 1/p?. 
Dans ces conditions, on a 


r2unb | I eee 
RI rer Sata | COT 
12ur1b a 


y? (2 + «2) (1 —a2)”2 


(40) 


= K O(a) 


Rn Th == 
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en posant 


121d I a“ 


mee ksrearre Loar 


K= (x —o?2)3/2’ 


Rappelons que les termes de (39) sont calculés a la position d’équilibre, on obtient 


FQ f(x) Fas 
2 = i otras nlite I 
’ 2K g(a) fle) a Keel aage a ‘a 
avec 
: ; df(«) 
Q = (Q1 + 2¢)o = M1 et f(a) =| 
Oo 
Si nous posons vy = 7@ on a: 
2 
I 20 a o(I—e«?) 224 f 
ot = (—— 2+ a? sei 2+ «2 oo ee (42’) 


Il est aisé de voir que le premier terme du second membre est toujours > 0 (en effet, 


ce terme 
I 20 a 


* me 2+ a? I — a2 
est équivalent a 2~4 — «? + 2 quin’admet que des racines imaginaires) et w est donc 
réel: 

On conclut que dans l’hypothése m = 0, la position d’équilibre est stable. Il est 
aisé de déterminer les trajectoires du centre de l’arbre 0; dans ses petits mouvements 
autour de cette position d’équilibre. Les équations du mouvement de l’arbre (34) 
s’écrivent: 


oP : 
= da — Fép =o soit Kg(x) 6a— Fép=o 
(42) 
Pn oRn . f(x) 
6 6 2 = S Q - >= 
et) ioe 7 g =o ot 1 He) da + 269 =o 


Posons 6x = A sin wt, w étant donné par (41). La seconde équation (42) donne: 


f’(«) FE f(x) 
QA (60) = 
Hx) sin wt dou dy = 4 Ho) 


io =—4 


Qy 
— A cos wt 
@ 


La position du centre de l’arbre 0; est définie par «= ao + dx, p= qo + dp or 
po = yo — Do = n/2 — x /2=0. dp étant petit, les coordonnées de 0; par rapport a 
(O1)o sont approximativement dx suivant une direction horizontale et aod@ suivant 
une direction verticale (Fig. 5). 
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En effet, 
O\A ~& O1B = 6x 
(O1)0A pans (O1)oB = aodp 


On a donc: 
6a = A sin wt 


Z Q 

i A EE Ee 
H(*) @ 

En éliminant ¢ on obtient les trajectoires de O1 
(dex) ® (xodq)? 
A2 : i’ (a) Qy ark I (43) 
(0 a 

Ha) @ 


suivant la direction de la force F. 

L’équation (41’) donne w/{1 en fonction de «. Si « < I, w/QM1 = 4 et six =1 (cas 
limite) w/@21 = 0.408. 

La variation de w/{21 avec « est en excellent accord avec le résultat de SwirT qui 
a procédé par intégration graphique approchée des équations complétes (32) (avec 
m = 0, et non des équations linéarisées (34)) (voir par exemple SHAw ET MAckKs, 
ref. 1, Fig. 9.4, p. 359). 

L’équation (43) donne le rapport des axes 


b “(x Qy 
He) —— Xo (44) 


Q 

oe 

& 
S 


se = Blo) ae (44’) 


Exemple: pour ao = 0.7, (41’) donne w/Q1 = 0.4 en bon accord avec SwIrT et (44’) 
donne b/a = 1.285; ce dernier résultat n’est pas en bon accord avec SwiFT (voir ref. 1, 
p- 359, Fig. 9.3). Quoiqu’il en soit, si quantitativement les amplitudes données par (44’) 
ne semblent pas en bon accord, les pulsations des petits mouvements sont les mémes 
que celles indiqueées par SwiFT, et qualitativement on retrouve tres simplement 
ses résultats. Ce résultat w/Q1 ~ 0.5 est remarquable a plusieurs titres. JAUMOTTE® 
la retrouvé en intégrant directement le systéme d’équations non linéaires (32) 
avec m = 0 et dans l’hypothése de Sommerfeld, lorsque l’arbre est soumis a une force 
tournante. De plus, lorsque la force tournante 4 une vitesse de rotation égale a la 
moitié de la vitesse de rotation de l’arbre, on trouve qu’il y a instabilité et ce résultat 
est confirmé expérimentalement par Simons (ref. 6, p. 43-44). 
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Par contre, lorsque m + 0, ce qui est le cas qui se présente en pratique, la position 
d’équilibre est toujours instable dans I’hypothése de Sommerfeld. Il nous semble que 
ce résultat enléve une part importante 4 la valeur qu’on peut accorder aux résultats 
théoriques ci-dessus. 

Que signifie cette instabilité au point de vue physique? Il ne faut pas perdre de 
vue que les équations du mouvement de l’arbre (32) ne sont pas linéaires. En étudiant 
les petits mouvements, nous avons linéarisé ces équations (équation 34a) et le résultat 
trouvé n’est qu’une premiére approximation. 

L’amplitude du mouvement de 0; est limitée par la non-linéarité des équations et 
on obtient, suivant la terminologie de BIEZENO ET GRAMMEL (ref. 5, p. 170 et 175) 
un état critique de seconde espéce 4 opposer aux vitesses critiques de premiére espéce 
qui ont lieu pour des vitesses de rotation bien déterminées, discrétes, et qui sont trés 
dangereuses. Enfin, notons que le rotor, posé dans les paliers, est en outre soumis a des 
forces de frottement (frottement sur l’air, ou la vapeur dans le cas de turbine), l’amor- 
tissement qui en résulte tend également a limiter l’amplitude du mouvement de sorte 
que si le mouvement de l’arbre n’est pas stationnaire, il n’est en général que faiblement 
perturbé (,,unruhiger Lauf’’). C’est bien ce que l’on constate expérimentalement dans 
la majorité des cas, lorsque l’arbre est dans cet état critique de seconde espéce. Par contre, 
l’expérience montre que cet état critique n’existe pas a toutes les vitesses de rotation, 
mais plutét 4 partir d’un seuil, ou vitesse minimum. En dessous de cette vitesse de 
rotation, l’arbre est parfaitement tranquille donc stable, aussi il semble bien que 
Vhypothése de Sommerfeld du film porteur complet ne soit pas réalisée en pratique. 
Cette conclusion se trouve renforcée par le fait que le lieu de Oi, lorsque la charge 
F varie en grandeur, mais non en direction, est une courbe assimilable a l’ellipse qu’on 
trouve dans l’hypothése de Tipei, et non une droite 4 # = z/2. Cela ne veut pas dire 
que le régime laminaire a film porteur complet (hypothése de Sommerfield) ne puisse 
jamais se produire: L. FLOBERG a trouvé expérimentalement un déplacement du 
centre O; de l’arbre perpendiculairement a la force appliquée (ref. 7, p. 40, Fig. 40-2), 
lorsque cette force appliquée est suffisamment faible pour qu’il n’y ait pas cavitation 
(,,vaporization’’). Dans les expériences de cet auteur, le centre de l’arbre O, tournant 
a la vitesse (21, est fixe, et le palier, auquel est appliquée la force F est mobile (ref. 7, 
p. 34, Fig. 34.1) mais ne tourne pas (2 = 0). Assurons nous que dans ces nouvelles 
conditions, les équations du mouvement du centre Oz du palier sont les mémes que 
les équations (32). Reprenant l’équation (27), on a, avec i = 2: 

R. + Fs 

me 
ou mg est la masse du palier, R: la résultante de l’action du fluide sur le palier et F, 
la force extérieure appliquée au palier. Posons O = 01, é = é et projetons sur / et % 


do + bof + 2g X bof + @ X &g— Aap? = 


- . I 
é— eg? = sya (eee + Fee) 
2 


: (45) 
2gé + eg = ED (Ran + Fan) 
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En vertu de l’égalité de l’action et de la réaction, la résultante de l’action du fluide 
sur le palier est égale et opposée a cette action sur l’arbre et Re = —R,, la force F 
est également changée de signe F; = — F, et le systéme (45) est identique au systéme 
(28) ou (32). 

D’aprés ce qui précéde, il y a instabilité quelle que soit la vitesse de rotation Q1, 
et on doit se trouver dans un cas critique de 28me espéce. L’auteur ne nous dit pas s’il 
a vérifié si le palier était parfaitement tranquille, ou s’il était soumis a de petites 
perturbations. Si c’est bien cette derniére hypothése qui a été réalisée en pratique, 
il est évident que ces perturbations aient da étre trés petites pour ne pas perturber 
le film porteur complet qu’il fallait précisément mettre en évidence. 


(b) Cas Tiper. TrPEt a étudié la stabilité de l’équilibre en ne tenant compte que dela 
résultante des pressions, et en négligeant les termes en a. Dans ces conditions les 
équations (32) s’écrivent (avec I4) 


6u.Qrib 
mA(—a& + ag?) =—Fcosé a moaned 2 ey 
y?(I + o)4 6 
mA(— 26 — of) iT ayes tale we 
== 260 —& =— in Ss eee 
erat yl toe” 


C; et Cz sont des fonctions de «, dans le cas du palier de largeur infinie ces coefficients 
sont donnés par (16) et (17), mais T1pPEr étudie la stabilité (conditions (37)) en sup- 
posant le palier de largeur finie. Le fait que les termes en & aient été négligés est 
justifiable si on remarque que la résultante des pressions suivant ¢ est un terme en I/y? 
et que le terme négligé est en &/y? (& est supposé étre petit); pour la méme raison, 
les termes dus a la viscosité qui sont en 1/y (équation (26) ) sont également négligeables 
(notons que dans le cas Sommerfeld, le terme en &/y? n’était pas négligeable). TIPEI 
suppose en outre que la viscosité varie suivant la loi w = m1 (6/61), soitg = 1. Dans 
ces conditions, il trouve (ref. 4, p. 551-552) que l’équilibre est stable pour « > 0.4, 
L’équilibre est instable pour « < 0.4, mais il redeviendrait stable pour des valeurs 
de « inférieures 4 une limite qui dépend de la largeur du palier et qui varie de 0.175 
a 0.06 pour I/A = 271/b variant de 0 a 1.8. 

Ainsi, lorsque le palier est suffisamment chargé (« > 0.4) léquilibre est stable; ce 
résultat est confirmé qualitativement par l’expérience. (Lorsqu’un palier subit le 
fouettement d’huile, en pratique on le charge pour le stabiliser.) Lorsqu’on diminue 
la charge, la position d’équilibre devient instable (état critique de seconde espéce) 
pour redevenir stable sous les trés faibles charges. II est possible que ce dernier résultat 
ne soit pas vérifié par l’expérience (comme semble le confirmer le résultat théorique 
du no. suivant) car il ne semble plus justifié de négliger les forces de viscosité et les 
équations (46) ne sont plus valables. 

TipeI conclut, qu’en accord avec l’expérience, l’équilibre est stable pour a > 0.5 
(la ,, marge de sécurité’ de 0.4 a 0.5 tiendrait compte des hypothéses simplificatrices). 

Gardant la charge constante, les formules (14) (17) montrent que « et 2 varient 
en sens inverse: l’équilibre est stable pour Q petit et devient instable pour 2 > Q*, 


un seuil. 
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(c) Cas de Poritsky. Nous avons vu que le cas Sommerfeld était toujours instable. 
Poritsky? est arrivé a la méme conclusion en suivant une voie similaire (quoique non 
identique: il emploie une généralisation du critére de Routh applicable a une équation 
4 coefficients imaginaires). Il a également remarqué que l’origine de cette instabilité 
est due 2 9% = 2/2: dans une position d’équilibre, Rn = 0. Afin de réintroduire la 
stabilité, il imagine qu’il existe une force R» proportionnelle a « (ce qui revient en fait 
& supposer qu’on ne se trouve pas dans l’hypothése de Sommerfeld). Faisant cette 
hypothése, on trouve que pour Q< Q* un seuil, il y a stabilité. Le résultat est 
qualitativement le méme que celui qu’on obtient avec l’hypothése de Tipei. L’origine 
physique de cette force n’est cependant pas claire. Avec l’hypothése de Tipei, Rn est 


proportionnel a 
(03 


(2 + «2) (1 —a2)¥2 


pour “4 = mi, = constante et (w/z) (I — (I — o2)'?) pour “ = “1 (6/61) G = 1) et Rn 
n’est, dans cette hypothése, proportionnel a « que pour « < I. 


6. PRECESSION DE L’ARBRE QUI N’EST SOUMIS A AUCUNE FORCE EXTERIEURE 


Voyons si le centre O; de l’arbre non chargé (F = 0) peut effectuer un mouvement 
circulaire uniforme: ¢@ = const., « = const. 
Les équations générales du mouvement de Oi sont: 


(—& + ag?)mA = R; 


(47) 
(— 2 ag —ag)mA = Ry 
Nous supposons ici & = & = 0, ¢ = 0 et ces équations se réduisent a 
o=Rn, mAag? =R; (48) 


(a) Cas Sommerfeld. Si & = 0, Rt = 0 et la seconde équation (48) donne ag? = 0, soit 

= 0 (et @ indéterminé), soit ¢? = 0; quant a la premiére équation (48) Rn = 0, elle 
admet la solution « = 0, méme lorsqu’on tient compte des termes Fyn dus a la vis- 
cosité, que @ soit nul ou non (il suffit de rechercher la vraie valeur de Fyn pour « = 0). 
La précession de l’arbre est donc impossible puisque « = o. 


(b) Cas Tipet (et cas d’Orbeck). Considérons d’abord la condition Rn = o. Si en pre- 
miére approximation nous ne gardons que les termes en 1/p? grands devant les termes 
en I/y, nous trouvons a cette approximation 2 = 0 (Q = Q: 4+ 2q@). On conclut 
qu’en seconde approximation {2 est petit et que le troisiéme terme de la seconde équa- 
tion (26) est négligeable devant les deux premiers et on a 


(49) 


(u = #1 = constante) 


DN 6u2r1b TUX wQnb ax I 
ee eee aS eres 
pe (2 a8) (1 —mo8)v2 y o (a :) ih 


A cette approximation nous négligeons le troisitme terme qui représente la contri- 
bution de la variation de la pression 3/00 dans l’évaluation des forces dues A la vis- 
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cosité (no. 3.1). Dans l’expression (49) ci-dessus, le premier terme représente la résul- 
tante des pressions suivant 7% et le second, la part de la résultante des forces de vis- 
cosité dépendant de £21, suivant 7. Quelles que soient les hypothéses concernant les 
conditions aux limites, et quelle que soit la loi de variation #(6), ce terme sera toujours 
le méme; il n’en est pas de méme du premier terme. Nous pouvons donc généraliser 
cette équation (49) en écrivant 


6u27nb Q11b 
Pn ee at es A: caeey iC’, gn ( : 1) >0 (50) 
nh (1 — x2)¥2 


n y2 n y n a 


C, est un coefficient sans dimension, fonction de « tel que le premier terme du second 
membre de (50) soit le résultante des pressions suivant 7. Ce coefficient peut étre 
donné par l’expérience. En effet, le palier chargé statiquement (¢ = 0) donne 


6uQ2i1b Q 6u 271 
(Rn)st = ae UE Ce + terme en — négligeable ~ He Se (51) 
ee .) Y 
De l’équation (50) cn déduit: 
: y Cr 
Q2=2 —=— -—— () 2 
SO aa C, (52) 
soit 
2g y Cn 
== —— 3 
0, Buy (53) 


et en premiére approximation on retrouve —q@ = 421, (soit 2 =o). En seconde 
approximation on a une précession —®@ (c.-a-d. dans le méme sens de rotation que celui 
de l’arbre Q1, voir Fig. 3) légérement inférieure 4 la moitié de la vitesse de rotation Q1 
de l’arbre. 

La seconde équation (48) peut également étre généralisée 


Q 6u271b 
C, + terme en — négligeable ~ ee Cr (54) 
y 


6uQ7r1b 
2 y? 


mAag? = 


ou C; peut étre déterminé expérimentalement par 


6 Qy1b 
(Reet = ——— Cy 
Wy 


(dans l’hypothése de Tipei, avec w = 1 = const., ona 


202 
) 


ME iota) aia: 


Remplacant Q dans (54) par sa valeur donnée par (52) on en déduit 


Q = ——— — — (55). 
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On peut transformer légérement les équations (53) et (55) en introduisant le nombre 
de Sommerfeld S défini par 


I 2urnbQ b )’ 
271 


S= (56) 


20 peP 


Ose VPr2 + P;? est la résultante des pressions (a l’équilibre, pour un palier soumis 
4 une force extérieure F, on a |P| = |F| lorsqu’on néglige l’effet de la viscosité en 
1/y et donc petit) y est un exposant, le terme (b/271)” devant tenir compte de la largeur 
finie du palier (dans le cas du palier de largeur infinie, y = 0). KREISLE propose 
deat ka 

Soit @* l’angle entre la résultante des pressions et O1 Oz (a l’équilibre 0* = # en 
négligeant les termes de viscosité). On a, avec (51) (56): 


6 
Ry PES Gs re 
y? 
bQ by? 
og Sc tree ( ) sin 6* 
2m yes 271 
d’ot 
C : Heep 
a * 
62S ( 271 ) ia 
et l’équation (53) s’écrit 
272 I 
BS Se I os Greece 
Qy cant) I b Y I Z (53 ) 
elle e 
y 2V1 Ss 
et notant que C:/C, = cotg 6* l’équation (55) s’écrit: 
eo I r\2 
—_————___. ——_ — * 
em le iw :) fe ee 
aE aS ahs een (55’) 


ACE eee 
m(5-) a 


Les équations (53) (54) ont été obtenues sous la forme (53’) (55’) par ORBECK2. Le 
nombre de Sommerfeld S et * sont déterminés par l’expérience en fonction de «. 
Tre! a calculé les coefficients Cy et C; dans le cas d’un palier de largeur finie, en 
fonction de « (tableau) lorsque u = j1(6/61). 
Se fixant a, on en déduit /1 de (53) en calculant Cn, ou de (53’) a partir de S 
déterminé expérimentalement, puis on calcule Q: par (55) ou (55’). 
Exemple: (nous reprenons l’exemple traité par ORBECK) 
mg = 5 ton (= 17.4 Ib. sec? in.-1), b = 6 in., p = Ajn = 10-3, A = bjan = 1/2 
fa = 5-108 Ib. sec in.-2, 
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Des courbes expérimentales de Kreisle d’une part, et de la table de Tipei pour 
A = 4, w = mr (6/61) d’autre part, on déduit: 


or O.1 0.3 0.6 0.8 
I 

a 0.63 2.86 12.2 37 
S 

Ox (Kreisle) 81° 67° 44° 30° 


6* (Tipei) 83°45’ 75220 * Of°40° 8 A6°s" 


af 
: ( ) sin 6 = Cy (Kreisle) 0.00996 0.0422 0.1355 0.2906 (y = 1.73) 
62S 2V1 


Cn (Tipei) 0.01469 0.039 0.0975 0.1974 


On constate un accord raisonnable entre les valeurs semi-expérimentales de Kreisle— 
Orbeck, et le calcul de Tipei pour déterminer Cn, il en résulte que —@/Q1 est trés 
sensiblement le méme dans les deux hypothéses de calcul. Des valeurs ci-dessus on 
déduit 


“a o.1 0.3 0.6 0.8 
— - (Tipei) 0.498 0.4979 0.4978 0.4978 
1 
Q1 t/mn (Tipei) 22.9 53-4 155.5 418 (I) 
— = (Kreisle) 0.49736 0.498 0.49838 0.4985 
1 
Q1 t/mn (Kreisle) 32.95 86.8 299 750 (III) 


Dans le cas ot on ne tient pas compte de la largeur finie du palier pour évaluer la 
répartition des pressions, Cn et Cz sont donnés par (16) si “ = fu = const., et on 


trouve: 
sincas (Tipei A = o) 0.999665 0.999652 0.999563 0.99945 
2 
Q, t/mn (Tipei) 13.28 39.52 137.2 366 (II) 


L’équation (55’) montre que 


(— ¢/21)7r_ cotg Ox 
(21) x = (21) 7 e/a), Sara 0% (57) 


L’indice K se rapporte aux données de Kreisle et l’indice T aux calculs de Tipei. 
Les résultats ci-dessus montrent que 
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et la différence constatée entre (Q1)x et (Q1)r provient uniquement des différences 
de 9*. Il y a cependant un bon accord qualitatif: les courbes Q1(x) sont pratiquement 
confondues dans les cas (I) et (II) et dans le cas (III) la courbe Q1(«) a une allure ana- 


logue (Fig. 6). 


pe) 100 200 300 400 500 600 700 800 2, (t/min) 
Fig. 6 


6.1. Stabilité du mouvement de précession 

Nous cherchons les petits mouvements autour du mouvement stationnaire qo, xo 
défini par les équations (48) (l’indice o indique la solution trouvée ci-dessus). Les 
équations du mouvement (47) donnent, en linéarisant les équations: 


A sg es .2 I Re wR: : 
— 6& + 2ax0G00¢ + Goda = ( ) bax + ( : 54 
mA da /o Mp /o 


ages he I Rn Rn : 
— 2p00a — andg = aa  ( ~~ ). da + ( oe 1} 69 


Nous recherchons des solutions en exp. (vt) pour da et d6¢. Pour que le systéme (58) 
admette une solution ¥ 0, » doit étre solution de l’équation caractéristique (ou nous 
laissons tomber les indices 0, étant entendu que tous les termes sont calculés pour 
le mouvement stationnaire) 


7 -" I OR: P TL Olt: 
Se ay ye aay ee 
r mA du y mA d% 
=0 
es I Rn re Ayes 
— v —— _ — 
us mA rd%« Se one wp 
soit, en développent: 
wv? +| I ~"] 92 + [ the “ dR, iD “ 2m oR: 
ny — —_ (e4 — S# 
mA > Sad. Soe TOON a aires | 


(59) 


a | wn de a gp? In 2x Rn ( I ) Wn IR: 


mA wp du mA dM mA dx mA IW =©60 > 
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C’est une équation du 3éme degré en v de la forme 


aov? + ayv2 + aav + a3 =O 


Le mouvement est stable si les parties réelles des racines de cette équation sont 
négatives. Les conditions de Routh donnent 


a > 0, a>, g = a1a2 — aAaz > O,7 a3 >0O 
et 
yaa 2¢ oR nya IR (oe rad wR 
g = 40g? — 2 - ~ — 20% —" + —— Be a 
Ip mA dM ew dx mA %MX% dw 


6urb 6ur1b b 
ee ea eee re 0G; Sorc, 
ae is 
Les... représentent les termes négligés, conformément a (50) (54), 


r 27 I 
avigs lege ) 


et Q = Q: + 2¢. Les conditions ao > 0 et a1 > 0 sont satisfaites. 


Examinons d’abord la condition g > 0 


b 20 2ur1b 12u71b oR 
I2U71 C Pp PY C BY. C n 


Se Ae. cordbmyh: wee 


! a 12rd 
Sa eeu. C 
ee mA yp? ‘ 
Comme —@ ~ Q:/2 > 0 les deux premiers termes et le crochet sont > 0, il reste a 
examiner le terme Rp/d0 


Wn — 6u71b 2 Cn pid Q: Cn 


da wy? do y da 


prib Q E (O) NGA ae 
= 1 —————— 


y yp OQ de (lk 


et avec l’équation (52) 
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Nous placant dans l’hypothése la plus simple pour faire le calcul, soit Vhypothése de 
Tipei, avec A = 0, g = 0 (équation (16)) 
Ga a2 


Ch 2(2 +.0)3 (1 — (1 —a*)H2) 


780 (Ge I I i) I |- Ga 2a 
Sh oe rae fee + o?) E (1 —«2)¥2 I —o? a(2 +a?) I—a? 


Ce terme est < 0 et de l’ordre de grandeur de —1 (—o.76 pour « = 0.1, —4.69 
pour « = 0.9). Transformant l’expression de g on a, avec (55) 


pnb (ae Cree (>) 2 (12)2ub C.C 
or y mys o Qi my + 
>. Cn —¢p I2ub 
n— In — 2 —C;] 2 60 
+ (Cr nc) | 2 (=) + at oe t| 21 (60) 


Le dernier terme s’écrit: 


n — P) C 
A (S vl Sn =| eae (62) 
myt \ OQ)" \Ci(—p) "de Ch 


il est de l’ordre de grandeur de y fois le second terme qui est > 0, et donc g > 0. 
(En effet, le terme { } de (61) est de l’ordre de grandeur de 30 pour « = 0.1 et de 
5 pour « = 0.8, si on choisit y = 10-3.) 


Il reste a examiner la condition az > 0. 


I Rn dR: . wn . Rn I wn DR: 
—— — — ¢?—— + 2a 
mA dM rd% ; Wp da mA 2% dw 


soit 


T2UD mat a OG. 12 / \2 Pome oy DG) —¢p 
Jab, 1 2 (4 Von cy (2 ane) [eee 
my? 2, Iu y da m 


et comme —q/Q21 ~ } ona finalement la condition 


30 r) Ee viGe = 8 
——i | In Gp ee 6 — paige SS 
> in t g ame] +e > (62) 
Le dernier terme du premier membre est négligeable (les autres étant multipliés par 


1/y ~ 10° p. ex.) En effet, si nous nous plagons encore dans l’hypothése Tipei 2 = 
oO, g = 0, on obtient: 


30 2(2 + «4) a , 
v | a(t —o%) (2+ o%)  — a2(2 + a%) (1 — (a —a2)2) (21 of) a#)] 


SPEER of. onl] 
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Pour y = ro-3 (cas de l’exemple du no. 6) on trouve: 
pour *«=0.1I 5.57:103 + 4-10-72 > 3,000 
pour «7 =0.5 4.26-103 + 0.9 > 3,000 


Cet exemple montre que le dernier terme du premier membre de (62) est bien négli- 
geable et la condition (62) s’écrit: 


P) Ga a 2 IG 
a ( In C, ein) > x 
rod G3 nyo Ge 


et cette condition est vérifiée comme le montre le calcul précédent. 

Les conditions de Routh étant satisfaites, on en conclut que la précession de l’arbre 
est un mouvement stable (du moins dans l’hypothése de Tipei, 2 = 00, g = 0). 

Si nous considérons le cas traité ici comme le cas limite du no. 5.1 cas Tipei, pour 
F’— o, le résultat ci-dessus confirme ce que nous disions (p. 347) a savoir qu’il est 
probable que pour « trés faible (c’est-a-dire pour des faibles charges) 1’équilibre n’est 
pas stable contrairement a la conclusion de TIPEI qui néglige les forces de viscosité. 


7, CAS GENERAL (GRAMMEL)® 


Considérons un arbre de section circulaire placé dans deux paliers identiques, et muni 
en son milieu d’un disque. 

Lorsque le lieu du centre de l’arbre O; dans les palier: «(#) est une demi circon- 
férence (cas approximatif du demi-coussinet) et qu’on tient compte de I’élasticité de 
l’arbre, mais qu’on néglige la pente que prend I’arbre au droit des paliers, GRAMMEL 
a montré que l’analyse pouvait étre poursuivie complétement et que les résultats sont 
bien confirmés par l’expérience. La sollicitation des paliers est une force constante: 
le poids, et une force tournante due au balourd du disque. En dehors de la vitesse 
critique (de premiére espéce) qui correspond a une vitesse de rotation déterminée, on 
trouve que le mouvement devient instable (unruhiger Lauf) pour Q1 > {21*, un seuil 
qui dépend des caractéristiques du palier, de l’élasticité de l’arbre, de la charge du 
palier. 

Dans le cas que nous avons examiné, le lieu de O1 («(#)) est approximativement 
une ellipse, les calculs de GRAMMEL, basés explicitement sur l’hypothése que ce lieu 
est une circonférence, deviennent inextricables dans ce cas. I] semble cependant, dans 
cette analyse de GRAMMEL, qu'il soit correctement tenu compte des éléments essentiels 
régissant le phénoméne et les résultats sont entiérement vérifiés qualitativement par 
l’expérience. 

L’étude de GRAMMEL ne traite qu’un aspect du probléme, puisqu’il met en évidence 
les vitesses de rotation donnant une stabilité, ou une instabilité de la position d’équi- 
libre de l’arbre, mais dans le cas instable, il ne traite pas de la fréquence du mouve- 
ment que prend l’arbre. 
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REMARQUES FINALES 


Il semble que l’hypothése de Tipei rende compte convenablement du comportement 
d’un palier en graissage hydrodynamique. Dans ce cas, un palier chargé statiquement 
prend une position d’équilibre stable pour une excentricité relative « > 0.4 lorsqu’on 
néglige les forces de viscosité et les termes en & dans les forces de pression — c’est 
ce que JAUMOTTE appelle le cas pseudo-statique (ref. 6, p. 15). On a, avec (14) 


pala a es ede ae bth SE 
6unbQ (1 +a)4 
et lorsqu’on porte cette expression en fonction de « on obtient une courbe croissante 
de 0 4 00 pour « variant de 0 a I. (C; et Cn sont donnés par (16) ou (17) dans le cas 
du palier de largeur infinie, et par le tableau de Tipei (ref. 4, p. 275) dans le casg = I 
du palier de largeur finie.) 

Ainsi, lorsqu’un palier est chargé par une force F = constante, et que Q croit, 
« diminue et l’arbre passe par des positions d’équilibre tant que « > 0.4, pour 
« < 0.4 on tombe dans la zone d’instabilité de seconde espéce (a opposer a |’ instabilité 
de premiére espéce qui a lieu a la vitesse critique de l’arbre). 

Rappelons les hypothéses qui ont été faites: 

(a) L’axe de l’arbre reste paralléle a l’axe du palier. Cette hypothése n’est pas réalisée 
dés que l’arbre fléchit (p. ex. au moment du passage par la vitesse critique, ou lors 
d’une précession de l’arbre comme cela peut se produire pendant l’,,oil whip’’). 

(b) La masse m de l’arbre est constante. En réalité l’arbre est un systéme élastique, 
et m est la ,,masse effective’ vue du palier; elle est variable. 

Nous avons vu que, suivant TIPEI, l’équilibre est instable pour ~ < 0.4 et que par 
contre le mouvement de précession stationnaire, lorsque F = 0, est toujours stable. 
Lorsque @ croit, « diminue et on peut éventuellement admettre que quand Q est 
suffisamment grand et pour « < 0.4, F soit négligeable devant la réaction d’inertie 
d’entrainement de l’arbre (force centrifuge) mag? (avec @ ~ —Q,/2) et qu’on soit 
approximativement dans le cas traité au no. 6. Ce résultat donne une explication du 
phénoméne de 1’,,oil whip’, mais il n’est toutefois pas évident que cette précession 
stationnaire soit le seul mouvement stationnaire stable que puisse prendre l’arbre. 

Nous pensons que pour serrer de plus prés la réalité, il faudrait poursuivre l’étude 
en se libérant de l’hypothése (b), c.-a-d. en considérant un arbre flexible (muni d’un 
volant p. ex.) dans deux paliers égaux (ce sont d’ailleurs les conditions dans lesquelles 
s’est placé GRAMMEL), 
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FOR A COz-COOLED NUCLEAR REACTOR 
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Atomic Power Division, Development Department, Engineering Laboratories, English Electric Co. Ltd. 
Whetstone, Leicester (Great Britain) 


SUMMARY 


In a nuclear reactor a number of mechanisms are required to operate up to about 400°C, often 
in the presence of intense radiation fluxes. Three possible solutions to the problem of making 
bearings for these mechanisms are discussed; the use of unlubricated metals, of massive graphite, 
and of thin graphite films on a metal base. 

Three metals, two nitrided steels and a tool steel, have been found to run well unlubricated, 
both against themselves and a variety of other steels. Coefficients of friction for unlubricated 
metals are high, usually in the range 0.3 to 0.8 but tending on occasions towards unity. An electro- 
graphite was found which would run satisfactorily in dry CO2 but the performance in dry air, 
dry nitrogen and in a vacuum was poor. Thin graphite films have been found to have too unpre- 
dictable a life for practical purposes. 


ZUSAMMENFASSUNG 


Bestimmte Maschinenteile miissen in einem Kernreaktor bei Arbeitstemperaturen bis zu 400°C 
funktionieren, haufig in der Gegenwart intensiever Strahlungsstésse. Drei mégliche Lésungen des 
Problems der Lagermaterialien solcher Konstruktionen werden iiberwogen: Gebrauch unge- 
schmierter Metalle, massiven Graphites oder diinner Graphitfilme auf einer Metallunterlage. 
Drei Metalle, namlich zwei nitrierte Stahle und ein Werkzeugstahl, zeigten giinstige Laufeigen- 
schaften ohne Schmierung, und zwar sowohl gegen das gleiche Material als auch gegen eine Reihe 
anderer Stahle gepaart. Die Reibungskoeffizienten fiir ungeschmierte Stahle sind hoch, meistens 
fallen sie zwischen 0.3 und 0.8 jedoch neigen sie manchmal dazu selbst den Wert 1 zu erreichen. 
Es wurde ein Elektrographit der in trockener CO2 Atmosphiare befriedigende Betriebseigen- 
schaften besitzt gefunden, jedoch waren seine Leistung in trockener Luft und trockenem Stickstoff 


unbefriedigend. Diinne Graphitfilme haben eine zu wenig zuverlassige Lebensdauer, um praktisch 
brauchbar zu sein. 


INTRODUCTION 


This paper describes work which has been done to find the friction and wear behaviour 
of a number of possible bearing materials for use within the pressure circuit of a 
graphite-moderated, COe-cooled, nuclear reactor. In these reactors a number of 
mechanisms, particularly those concerned with handling the fuel elements, are re- 
quired to operate at temperatures up to about 400°C in both air and dry COs at gas 
pressures up to about 200 lb./in.® (14.1 kg/cm2) and often in the presence of intense 
radiation fluxes. 

Bearings and lubricants for these environments must satisfy requirements other 
than the obvious one of resistance to seizure. They must be chemically and thermally 
stable in air and CO: over a range of temperatures from 20 to 400°C and they must 
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be capable of resisting the radiation fluxes they will meet in service. In addition they 
must be compatible with the fuel elements; that is to say, they must not react chemi- 
cally with uranium or canning materials nor be such that they diffuse into the cans 
to form alloys of lower melting point. 

In the paper the two types of test machine which were used for the experiments 
are described; the first of these was a pin and disc machine and the second was a 
reciprocating machine which was specially developed so that work could be done 
under controlled atmospheric conditions. Results are then given of experiments on 
unlubricated metals, on massive graphite, and on thin graphite films upon a metal base. 

Unlubricated metals might offer the possibility of a very simple solution to the 
reactor bearing problem. The metals must not undergo phase changes or significant 
softening up to 400°C and they should preferably be readily machineable into quite 
complex bearing components. Whilst reasonable corrosion resistance is desirable it was 
suspected that a slow-forming oxide film might well be beneficial in reducing metal- 
to-metal contact. Many of the common bearing metals such as copper, tin, brasses 
and bronzes are not admissable because they are incompatible with the fuel elements. 

Massive graphite (and carbon) are traditional materials for use in difficult lubri- 
cation situations but there are some disadvantages. Graphite has a coefficient of 
expansion a third or less than that of most steels and consequently there are problems 
of maintaining bearing clearances and of retaining the graphite in metallic housings 
when working over a temperature range of 20 to 400°C. In addition, graphites are 
weak materials compared with steel and their load-carrying capacities are corre- 
spondingly less. 

Another feature of graphite which has been given prominence is its liability to 
catastrophic wear in dry atmospheres. This phenomena (sometimes known as high 
altitude wear because of its occurrence in high-flying aircraft) has been studied amongst 
others by CAMPBELL AND Kozak}, SAvaGE? and Sims3, High-altitude wear is affected 
by the temperature, the material against which the graphite runs, and the partial 
pressures of gases such as water, oxygen and carbon dioxide in the surrounding 
atmosphere. 

The characteristics of graphites can be modified by impregnating them with metals. 
This impregnation improves the strength, brings the coefficient of expansion closer 
to that of steel and can have beneficial effects on the wear properties in dry atmos- 
pheres. Unfortunately, few of the metals used to impregnate graphites are both com- 
patible with the reactor fuel elements and resistant to corrosion in COz. In addition, 
the presence of metal often raises the coefficient of friction so that one of the advan- 
tages of a graphite bearing is lost. No work on such impregnated graphites is reported 
here. 

Graphite films laid thinly upon a metal substrate provide another well known 
method of dry lubrication. The main problems associated with the choice of such a 
lubricant for use in a reactor are that it should be chemically stable over the required 
temperature range, capable of operating in a dry COz atmosphere, and adherent to 
the metal substrate. 
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There appear to be two methods of attaching graphite films to a substrate: by 
burnishing or working the graphite on to the substrate, or by mixing it with an 
adhesive bond such as resin. It is difficult to find a resin which will remain adhesive 
at 400°C. Nevertheless, a resin may hold the graphite in place for a period of low 
temperature working which is long enough to establish a good bond; this bond may, 
in turn, persist at high temperature. Such a tactic pre-supposes that the decomposed 
resin will not impair the lubricating properties of the graphite film. 


APPARATUS 
The work described in this paper was done on two types of machine; the first was 
a pin and disc machine, operating in undried COz, the second a reciprocating machine 
into which gases of known humidity could be introduced. 


Fig. 1. Diagram of pin and disc machine. 


The pin and disc machine is shown diagrammatically in Fig. 1. It consists of a 
number of 4 in. diameter discs driven from a common shaft and a number of dead 
weight loaded 4 in. diameter pins, which can be made to bear on the periphery of 
the discs. The whole is enclosed in a container which can be heated and fed with 
undried COzg at a slight positive pressure. 

The reciprocating machine is shown in Figs. 2 and 3. The reciprocating specimen 
is a cylinder, 3 in. diameter x 1} in. long with a =; in. wide flat along its upper 


Strain Water 
gauge jacket CO, entry 


CO, outlet and 
vacuum line 


Thermocouple entry 


Fig. 2. Diagram of reciprocating machine. 
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surface. The reciprocating cylinder bears on a lower member in the form of a vee block 
with 120° included angle, which is in turn carried on a bracket attached to the main 
flange. The upper specimen is a flat plate 4 in. x #in. x $in. thick which is pegged 
to a carrier and pressed downwards by the loading mechanism. The test surfaces are 
the flat on the cylinder and the lower face of the plate attached to the upper carrier; 
contact between the cylinder and the vee block is regarded as a slave bearing. 


Specimen 
carrier 


Plate 
| "specimen 


Reciprocating 
cylinder 


‘Loading 
weights 
Vee -block 
bearing 


Fig. 3. Layout of loading mechanism for reciprocating machine. 


The loading is derived from a weight and lever system. An arrangement of hardened 
steel knife edges transmits the load to the upper specimen carrier and constrains the 
upper specimen so that it is free to move only in the axial direction. This movement 
is resisted by a strain gauge plate which provides a measure of the frictional force. 

The signal from the strain gauge is amplified and displayed on a cathode ray os- 
cilloscope. Friction values are calculated from the deflexion of the trace when the 
direction of specimen movement reverses; this eliminates zero drift of amplifiers and 
strain gauge. No difference in frictional force is noticed owing to the varying speed 
of the specimen during its travel. 

The reciprocating drive is obtained from an eccentric and is introduced into the 
machine through a stainless steel bellows. The movement per cycle is I in. and the 
speed is controlled by an infinitely variable gearbox. 

A mild steel hood is bolted over the assembled specimens and the whole made 
vacuum tgiht. A water-cooled extension of the hood carries the strain gauge, which 
thus operates at a sensibly constant temperature and avoids awkward compensating 
arrangements. Heating elements are fitted to the outside of the hood. Temperature 
is controlled by a thermocouple which is placed in the gas near the specimens; another 
thermocouple is attached to the upper specimen. These read to within 15°C at temper- 
atures up to 400°C. 

For runs other than in air the gases are of commercial quality obtained from bottles. 
For runs at low humidity the machine is first evacuated for 12 h at 70°C at an absolute 
pressure of less than i « of mercury; leak rates are kept below Io uw in Io min. The 
machine is cooled under vacuum before allowing the gas to flow through at approxi- 
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mately 0.5 l/min. The gas is dried by passing through silica gel and magnesium per- 
chlorate from which it emerges with a humidity of better than Io p.p.m. by volume; 
thereafter the gas picks up moisture slightly from the walls of the apparatus. The 
humidity of the gas is monitored as it emerges from the machine on an electrolytic 
hygrometer and the reading is taken as the humidity at the specimens. In practice, 
humidities of better than 25 p.p.m. by volume can be regularly obtained at the hygro- 
meter. When humidities higher than this are required a part of the gas flow is obtained 
from a by-pass line round the driers. The pressure of the gas is maintained constant 
at Io lb./in.? gauge. 


RESULTS 


The results obtained on the pin and disc machine and on the reciprocating machine 
are given below. Experiments on unlubricated metals are discussed first, followed by 
those on massive graphite and lastly those on graphite films. 


Unlubricated metals 


A number of metals was tested in the pin and disc machine under an applied load 
of 12 lb. (5.44 kg), a speed of 62.5 ft./min (19.1 m/min) (60 rev./min) and an atmosphere 
of undried COz gas. Pins and discs were ground to surface finishes of 8-15 win. c.l.a. 
Specimens were degreased in carbon tetrachloride and then heated for 12 h in undried 
COz at 400°C. This was done so that any tempering could take place before running 


TABLE I 
CHARACTERISTICS OF METALS TESTED 
Tybical 7 
Designation Description Stree See 
a Cc Cr Si 
En 41 A Nitriding steel** 1000* 0.3 1.6 0.35 0.5 Mn 1.1 Al 
En 40 B Nitriding steel** goo* 0.3 3.0 0.3 0.45 Mn 0.4 Mo 
Ana High speed tool steel 850* 0.75 4.25 OLS TS) DW. 1.4 V 
Paar Sprayed hard alloy plating 740 4.25 16.0 1.5 8.0Mo 1.0V_ 2.0 Ni 
ipytSy Die steel O76 Smee Tas 12.0 0.3 0.9 Mo 0.9 V 
S.1 Martensitic stainless steel 640* 0.8 16.5 0.3 0.8 Mn 0.5 Mo 
En 56D Martensitic stainless steel 540* 0.3 13.0 0.4 0.3 Mn 
Bitz Sprayed hard alloy plating 480 1.25 23.0 8.0 Mo 10.0 Co 
‘ 60* 5 M 6.0 Ni 

S. 2 Stainless steel 4 eb ae. sags 

ainless stee 315 | 0.07 16.0 1.5 Cu 0.3 Ti 
En 57 Martensitic stainless steel aff 0.16 16.5 0.4 0.5 Mn 2.5 Ni 
A.I, Acicular iron 455 3.0 Pte} 1.1 Mn 0.9 Mo 1.2 Ni 
H.C. Hardchrome plate 450 
S.G.1, S.G. Iron BS 2789 Typert 300 3.6 2.0 0.5 Mn 0.8 Ni 
En3A_ Mild steel 220 0.2 0.2 0.7 Mn 
Ti Titanium 215 
En 31 Low chrome steel 210 ra 1.4 0.25 0.45 Mn 
S.G.N. S.G. Ductile Niresist 200 3.0 O175) 9 26 0.8 Mn 20.5 Ni 
En 58 B_ Austenitic stainless steel 185 O.1 18 0.8 31.7Mn 8.5 Ni 0.6 Ti 
G.I. Grey iron 180 3.0 1.6. 6.8 Mn ,o.15 Pi "oa5s 
Ni.R. Type 1 Niresist 165 3.0 Ze 1.75 1.25 Mn 15.5 Ni 6.5 Cu 


* After hardening and tempering. Other hardnesses are for metals as manufactured. 
** After nitriding, the friable white layer was ground from the test surfaces. 
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commenced and also in an attempt to obtain some standard oxide film condition on 
the specimen surfaces. 

The wear tests were carried out with the end faces of the pins running against the 
same tracks on the discs for 35,000 revolutions. This 35,000 revolutions was made 
up as follows: 5,000 revolutions at room temperature, followed by 5,000 revolutions 
at 360°C to determine the effect of temperature, and finally 25,000 revolutions at 
360°C to determine the effect of running time. A number of spot checks running 
specimens in the reverse order, 1.¢. first at 360°C and finally at room temperature, 
have shown that the observed effects were due to temperature and not to the speci- 
mens having run in. 

A metal tray was placed beneath each disc so that the wear debris could be collected. 
The weight of the debris and the weight lost from the pin were recorded, as was the 
nature of the wear track. 

The weight lost from the pin was an immediate measure of its wear rate. It was 
impracticable, however, to measure the 4 in. diameter disc to the necessary precision 
for its wear rate to be determined and the weight of debris was taken as indicative 
of the wear behaviour of the complete pin/disc combination from which an assessment 
of the disc wear could be obtained. 

Table I gives the main properties of the materials tested, and the wear rates are 
given in Table II. In order to present the information compactly the wear rates in 
Table II have been coded; the first three digits, (which are to be read separately) 
represent respectively the wear rate of the pin during 5,000 revolutions at room 
temperature, the wear rate during 5,000 revolutions at 360°C and lastly, the wear 
rate during 25,000 revolutions at 360°C. The second three digits which follow the 
stroke represent the amount of debris collected under the same conditions. 

The assessment of the wear scars after 35,000 revolutions is similarly coded in Table 
III, pin first, followed by the disc. In both Tables II and III low numbers represent 
the best results. By combining the information given in Tables II and III it has been 
found possible to select metals which will run successfully unlubricated in COs gas. 

Tests on the reciprocating machine were carried out under the conditions stated 
in Table IV. The specimens used for tests on the reciprocating machine had a surface 
finish of from 8-12 win. c.l.a. and were cleaned with carbon tetrachloride immediately 
before assembly. No pre-baking or tempering was carried out. 

The results are given in Table IV and are in general agreement with those found 
on the pin and disc machine. From these results it can be seen that the coefficients 
of friction at 280°C to 400°C in dry COz were generally lower than for room temper- 
ature. Two materials tested, S2 and Hardchrome plate, suffered gross wear. The effect 
of temperature on the coefficient of friction of En 41 A running against itself unlubri- 
cated in dry COz can be seen in Fig. 4; in spite of fluctuations there is a decided 
reduction in the coefficient of friction at and above 300°C. 

No change in the coefficient of friction with COz moisture content has been detected 
over the moisture range I0-1,000 p.p.m. when running nitrided steels for a period of 
38 h (9,600 ft.) both at 20°C and 360°C. 
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All the hardened metals used in these experiments have been found to retain their 
cold hardnesses when baked for 2,000 h at 400°C. 


COpat COpat COpat COzat COpat 
18°C 100°C 200°C ,300°C_400°C 


Coefficient of friction 
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Fig. 4a. The effect of temperature on the fric- 

tion of En 41 A running against itself: lower 

temperatures first. Reciprocating machine, 

4.2 ft./min, 13.6 lb. load, COzg humidity ap- 
prox. 20 p.p.m. 


COpat COpat COsat COgat COpat 
Air at18°C 400°C 300°C , 200°C, 100°C 18°C 
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Fig. 4b. The effect of temperature on the fric- 

tion of En 41 A running against itself: higher 

temperatures first. Reciprocating machine, 

4.2 ft./min, 13.6 lb. load, COzg humidity ap- 
prox. 20 p.p.m. 


Massive graphite 

Two electrographites ““A’”’ and ““B” and a carbon “‘C’’, which is the parent materiay| 
from which “‘A”’ is graphitized, were tested. The experiments were done on the recipro- 
cating machine with an applied load of 13.6 lb. (146 lb./in.?, 10.3 kg/em2) and a mean 
speed of 4.2 ft./min (r.28 m/min). Table V gives some of the properties of the test 
materials. The finely machined graphite surfaces were not cleaned or treated in any 
way prior to assembly. 


TABLE V 


CHARACTERISTICS OF GRAPHITE AND CARBON 


: Young's Coefficient of 
4 ee Shore Bulk 
Designation Descript ‘ i 
scription Ravdness densiby Gans} iasiapres tos 
A Electrographite 50 1.66 0.8 -106 4.5'10-6 
B Electrographite 50 1.75 0.65*108 2.8:10-6 
Cc Ungraphitized version of A 80/90 1.59 1.69-108 4.7°tOme 


Tests which consisted of 750 ft. in air and 750 ft. in COg both at room temperature, 
followed by 12,800 ft. in COzg at 330°C were made on graphites ‘‘A” and “B”. The 
COz moisture content was maintained at less than 50 p.p.m. It was found that the 
coefficient of friction of ‘‘A’’ tended to be lower than that of “B”’, whilst the wear 


rate of “A” was significantly lower (0.36 ug/ft. as against 5.6 wg/ft.). As a result of 
these tests work was discontinued on graphite “B’’. 
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Graphite “A’’ when run against itself had a coefficient of friction of 0.3 at room 
temperature in air; at room temperature in dry COs the coefficient of friction fell 
from 0.25 to 0.06 during a prolonged run. At 330°C in dry COz the coefficient of 
friction was 0.06. Between 330°C and 400°C high friction and gross wear occurred in 
dry COsz. 

When a graphite “A” plate was run against an En 41 A nitrided cylinder the co- 
efficient of friction at room temperature in air was 0.3; at 280°C in dry COz it was 
steady at 0.05. In both cases the wear rates were too small to measure. Between 300 
and 400°C in dry COz the wear rate remained low but the coefficient of friction during 
a run of 1,000 ft. alternated between approximately 0.05 and 0.4. 

A graphite “A’’ plate was also run against an En 58 B stainless steel cylinder. 
The coefficient of friction at room temperature in air rose from 0.16 to 0.24 during 
a run of 750 ft. At 280°C in dry COs the coefficient of friction fluctuated randomly 
between 0.05 and 0.3. Gross wear occurred during the run at 280°C. 

In an attempt to discover whether dry COz had an effect on the friction and wear 
of graphite the “‘A’”’ material was run in a variety of atmospheres. The results are 


Air Vac. COe2 Vac. COs Vac. COs Vac. 


NN @ 


Tee 


Coefficient of Friction 
Oto So © oo 
oO oOo 


Ww 


2 4 6 8 10 12 14 16 18 20 
Running time, h 
Fig. 5. The effect of alternating dry COz with vacuum on the friction of graphite “‘A’’ running 
against itself. Reciprocating machine, 4.2 ft./min, 13.6 lb. load, 18°C, COz humidity approx. 20 
p-p-m., vacuum below 1 yw of mercury. 


No )CO3, NoCO2 Air COp Air CO, Air CO,Air CO, 
08 
S 
6 0.7 
= 
4, 06 
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E Fr 04 5 
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SE 0.3 4 
6059 602 
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Fig. 6. The effect of alternating dry COz with Fig. 7. The effect of alternating dry COa 
dry nitrogen on the friction of graphite pees with dry air on the friction of graphite ‘A 
running against itself. Reciprocating machine, running against itself. Reciprocating machine, 
4.2 ft./min, 13.6 lb. load, 18°C. 4.2 ft./min, 13.6 lb. load, 18°C. 


Wear, 3 (1960) 358-373 


370 H. H. HEATH, K. F. PHILLIPS 


illustrated in Figs. 5-7. In CO2 a lower coefficient of friction was found than in a 
vacuum of less than 1 # of mercury, but repeated runs in vacuum led to a steady 
rise in the friction level observed in COz indicating progressive deterioration of the 
surface, which was attributed to the runs in vacuum. A similar effect was found when 
dry nitrogen alternated with dry COz. A somewhat anomalous result was obtained 
when dry air alternated with dry COs: friction in dry air was lower than in dry COs 
but the total wear and the friction level were higher than would have been expected 
from arun in dry COzalone. This last result was attributed to disruption of the surfaces 
which occurred during the runs in dry air even though the friction levels were low, 
a reminder that high wear rates are not necessarily associated with high friction. 

It is apparent that dry COs can inhibit wear on graphite, a result which is in agree- 
ment with other workers, ¢.g. CAMPBELL AND KOZAK}, 

A comparison between the two related materials ‘‘A’’ (graphitized) and “C” (un- 
graphitized) was also made. Initially the “C’’ material was found to be much less 
sensitive to variations in atmosphere than the “A’’. After a few hundred feet of 
rubbing, however, ‘‘C’’ began to behave in the same way as “‘A’’, from which it was 
originally assumed that a graphoid surface layer had been formed during the experi- 
ments. Electron diffraction failed to show the presence of a graphoid layer, and the 
cause of the behaviour remains uncertain. 


Graphite films 

Preliminary experiments were made to assess the usefulness of a range of resin- 
bonded colloidal graphite films. It was known that the resins used would not withstand 
400°C for long periods but it was felt that the initial bond might help the establish- 
ment of a burnished graphoid layer on the metal substrate. Results were disappointing 
and comparison between resin-bonded films and films deposited directly from colloidal 
graphite in water showed no significant difference. In all cases life in hot, dry COz 
was limited to a few thousand feet of rubbing. The life in air, both at room and elevated 
temperatures, was considerably longer than in dry CO: but failure usually occurred 
after temperature cycling. This effect, which is most apparent on surfaces which have 
been run, is attributed to thermal stresses at the graphite metal interface. 

Following the work of Bisson, JOHNSON AND ANDERSON‘ and of PETERSON AND 
Jounson®, who found that the performance of graphite films could be improved by 
incorporating metallic salts, experiments were carried out using a variety of additives. 

The tests in air were carried out on both machines and in those in dry COz on the 
reciprocating machine only. For each experiment an untreated surface was run against 
a treated surface. An assessment of the results obtained with each additive is given 
in Table VI. Failure was defined as the onset of high friction or of a high rate of 
wear. Most of the additives improved the performance of graphite films to some extent 
both in air and COs, giving a longer life and a more polished type of wear. In all cases, 
however, failure occurred after a few temperature cycles up to 400°C. 

None of the additives tested was considered to give sufficient all-round improvement 
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to make its inclusion worthwhile for the range of conditions of interest. The additives 
which gave the best friction and wear characteristics were found not to be chemically 
stable in the required environments. 

It became apparent during these experiments that thin graphite lubricant films 
were liable to break down locally to allow metal-to-metal contact after an unpre- 
dictable interval, which could be quite short. If the substrates had poor resistance 
to scuffing such local contact spread to disrupt the whole bearing surface. It is con- 
sidered advisable todimit the application of thin lubricant films to substrates which 
are able to run without scuffing in the absence of lubrication. 


DISCUSSION AND CONCLUSIONS 


A number of tests have been carried out on a selection of metals, all but one of which 
(titanium) are conventional. The results obtained are presented in a series of tables 
from which it is possible to obtain the relative merits of a number of combinations 
of these metals, when subjected to sliding unlubricated in CO. 

Three metals, En 40 B and En 41 A nitriding steels and a tool steel, have been found 
to give good all-round service when run against each other, against themselves and 
against most of the other metals tested. While there is little to choose between the 
nitriding steels and the tool steel on grounds of wear resistance, ease of machining 
and lack of distortion make the nitrided steels the preferred materials for many 
applications. 

In general, the coefficients of friction of unlubricated metals were less between 
300 and 400°C than they were at room temperature when run in dry COz. The wear 
rate was often less at 360°C than at room temperature. It is not, therefore, safe to 
assume that a mechanism which has been proved hot will run satisfactorily cold. 

No correlation between friction and wear and the humidity of the COz has been 
found when running unlubricated En 41 A against itself for a period of 38 hours. 

The coefficient of friction of unlubricated metals varied widely during a run and 
on occasions approached unity, a point of some importance when link mechanisms 
are to be designed. 

A feature of all the experiments was the amount of oxidized debris formed even 
when wear was small. It is clear that practical mechanisms need careful attention to 
the disposal of this debris to prevent it accumulating and jamming the bearings. 

One of the electrographites tested was also found to behave well in dry COs, but 
this performance could not be maintained in a vacuum nor in dry air or nitrogen. 
The coefficient of friction of this electrographite in dry COz was found to be below 0.1 
both when running against itself and against En 41 A. Above 300°C its behaviour 
tended to be erratic. 

Graphite films alone and with additives have not been found reliable. They appear 
to break down after an indeterminate length of run and it is recommended that for 


practical purposes the substrates should be able to run well unlubricated so that film 
failure need not be disastrous. 
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SUMMARY 


The frictional properties of the high-melting-point carbides and borides, and graphite have been 
measured over a temperature range from room temperature to 2,000°C. The coefficient of friction 
of carbides on carbides and borides on borides first decreased with increasing temperature and 
then, at a definite and reproducible temperature between 800°C — 1,400°C, increased rapidly. It 
was considered that the intercrystallite bonding was important and accounts for the initial de- 
crease. At 800°C — 1,400°C a change occurred which resulted in increased adhesion between the 
sliders and crystallites and consequently an increase in friction. For borides and carbides sliding 
on graphite no reaction was observed and the friction continued to decrease. The friction of the 
carbides and borides can be explained in terms of the adhesion theory of friction. 


ZUSAMMENFASSUNG 


DIE REIBUNGSEIGENSCHAFTEN VON BORIDEN UND KARBIDEN BEI HOHEN TEMPERATUREN 


Die Reibungseigenschaften der hochschmelzenden Karbide und Boride und Graphit sind tiber 
einen Temperatur-Bereich von Raumtemperatur bis 2,000°C gemessen worden. Der Reibungs- 
koeffizient der Karbide auf Karbiden und der Boride auf Boriden nahm zuerst mit wachsender 
Temperatur ab, und dann bei einer bestimmten und reproduzierbaren Temperatur zwischen 
800°C und 1,000°C rasch zu. Die urspriingliche Annahme war, die interkristalline Bindung sei 
wichtig und erklare die anfangliche Abnahme. Bei 800-1,000°C findet eine Anderung statt, die 
zu einer zunehmenden Anziehungskraft zwischen den Rauheiten und den Kristalkernen fiihrt und 
folglich zu einer Reibungszunahme. Fiir Boride und Karbide, die auf Graphit gleiten, wurde keine 
Reaktion beobachtet und der Reibungskoeffizient nahm kontinuierlich weiter ab. Die Reibung 
der Karbide und Boride konnte durch den Adhasionsmechanismus erklart werden. 


GENERAL INTRODUCTION 


The lubrication of surfaces at high temperatures is of considerable technological 
importance. Now that operating temperatures are increasing, new bearing materials 
must be found. Also, the use of the high-melting-point materials has posed several 
fabrication problems: wear-resistant tools must be produced to operate at high tem- 
peratures. Carbides and borides are extensively used in machine tools, particularly in 
dies for extrusion and metal drawing, because of their high resistance to wear. These 
materials have a very high resistance to deformation up to 1,000° and a good thermal 
and electrical conductivity. This combination of properties suggests that the carbides 
and borides may find extensive application where resistance to wear and erosion 
coupled with good general high temperature properties are required. 


* Present address: Institut fiir Metallphysik, Universitat Gottingen, Germany. 
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Previous work 


BowDEN AND Tazor! have demonstrated that the frictional force developed be- 
tween surfaces in sliding contact is a result of two basically different actions. The first 
is the mechanical interference between surfaces. The surface asperities engage upon 
sliding and force is required to deform and fracture these asperities. When both 
materials are deformable the flow stress of each material will determine how much 
each surface deforms. If one slider is very much harder than the other, then it can act 
as an abrasive and cut away the softer asperities. The second, which is applicable to a 
larger number of substances is the adhesion between mating asperities. The tendency 
for adhesion is governed by a larger variety of factors, of which temperature and 
surface condition are the most important. 

On the adhesion theory of friction of metals, when two surfaces are placed in con- 
tact the asperities weld under the high local pressures and these junctions grow until 
the real area of contact is sufficient to support the load. If the real area of contact is 
A, the yield pressure Pm, and the load W, then the relation between them is 


A = W/Pm 


For sliding to take place these junctions must be sheared: the force required to do this 
is 
ies) 

where S is the shear strength of the junctions. Amontons’ laws of friction: the fric- 
tional force is proportional to the load and independent of the apparent area of con- 
tact, are thus explained. 

ARCHARD?2 has shown that for hard elastic materials where the deformation of the 
asperities is primarily elastic, the adhesion theory of friction leads to a relation of 


the type: 
W =kAm 


where m varies between 2/3 and 1, and is dependent only upon the geometry and 
number of asperities making contact. Only in the limit, when there are numerous 
elastic contacts is m = 1 and Amontons’ law obeyed. It is difficult to imagine a 
situation in which the deformation would be completely elastic — though it may be 
true for well run-in bearings where many traversals have already occurred. Otherwise 
it is very unlikely that the pressure on an asperity would not exceed the yield pressure. 
TaBor AND KiNG’ have investigated the behaviour of brittle materials and in particu- 
lar rock salt. For brittle materials in tension the fracture stress is lower than the 
yield stress, but in compression the hydrostatic pressure is sufficient to inhibit the 
formation of cracks and plastic flow occurs. In this respect the behaviour is dif- 
ferent from that of metals, where to a close approximation the shear stress of the 
junctions is equal to the shear stress of the material obtained from a tensile test. 

In the case of carbides and borides if elastic behaviour predominates then Amon- 
tons’ law will not hold. As the load is increased and more asperities make contact, a 
closer approximation to Amontons’ laws is expected. 
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There has been little published on the friction of carbides or borides at high tem- 
peratures except by Kenyon‘ and RoweE®, who determined the frictional properties of 
tungsten carbide. Kenyon found that friction of outgassed tungsten carbide first 
decreased and then increased as the temperature was raised. RowE, however, found 
no decrease and attributed the difference to outgassing difficulties. If the specimens 
were properly outgassed he found the friction increased slightly with temperature. 


EXPERIMENTAL 
Materials 

In the present investigation the friction of tungsten carbide, titanium carbide, 
tantalum carbide, vanadium carbide, niobium carbide and boron carbide was studied. 
The coefficient of friction as a function of temperature was found for each of the 
following cases: 

(a) specimens of the same carbide sliding on each other; 

(b) specimens of different carbides sliding together ; 

(c) carbides sliding on graphite. 

The frictional properties of zirconium boride and titanium boride were also studied. 
The carbides and borides were self-bonded as the presence of the bonding material 
can influence and perhaps dominate the frictional behaviour, particularly at high 
temperatures. 


Fig. 1. General view of friction apparatus. 
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Furnace 


The furnace used for the experiments was a carbon tube resistance vacuum fur- 
nace (Fig. 1) and was capable of attaining a temperature of 2,650°C, limited only by 
the vapour pressure from the carbon tube. A vacuum of 0.1 /4 Was maintained up to 
2,100°C. The general furnace arrangement was similar to that developed by RowE AND 
MELFORD in this laboratory. The furnace was also used for an investigation of the me- 
chanical properties of the refractory metals and a fuller description can be found 
in the report of that work®. The temperature was measured using a Tinsley disappear- 
ing filament pyrometer (temperatures above 800°C). A correction for the silica 
sighting window was made. Below 800°C the temperature was calculated from a 
calibration chart for furnace current and temperature. 


FRICTION MEASUREMENT 


The friction specimens were obtained from the manufacturers in the required shape 
(Fig. 2). They had been prepared by powder metallurgical methods. The powder was 
heated in a graphite die to a very high temperature under pressure. The carbide 
specimens were obtained from Messrs. Murex Ltd., and the boride specimens from 
Metallwerk Plansee in Reutte. The specimens were fitted on to carbon rods or tubes. 
The carbon tube was rotated and the carbon rod used to pull the second specimen 
into contact with the first and to transit the reaction between them. The actual 
torque transmitted depended upon the normal load and the coefficient of friction. 
Since the use of vacuum seals would have introduced unknown forces (due to friction), 
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Fig. 2. Schematic drawing of friction specimens. 
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Fig. 4. Simplified drawing of friction apparatus 
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the true values of load and torque could only be measured if the measuring device were 
placed inside the vacuum chamber. A floating spring device was used (Figs. 3 and 4) 
and the deflections were measured electrically by resistance strain gauges. The nor- 
mal load was measured by using conventional type bow springs. Two perpendicular 
flat springs were used to measure the torque. The springs were chosen to have suffi- 
cient rigidity to measure high coefficients of friction and also the sensitivity to meas- 
ure the lower values at lower temperatures. With a suitable selection of springs the 
load and torsion readings were completely independent and linear. 


Procedure 


The experimental procedure was the same in all cases. The friction was first meas- 
ured in air and then the system was evacuated. The specimens were outgassed, while 
not in contact, by heating above 1,400°C for about half an hour. Preliminary experi- 
ments to determine the effect of outgassing time on the friction showed that half an 
hour was sufficient to give reproducible room temperature values and longer heating 
did not increase the value of friction. The specimens were then heated to above the 
temperature of the highest test and the friction values taken at intervals on cooling 
to room temperature. When cold, and after the outgassed value had been measured, 
air was admitted and the value in air again taken. The result did not vary signifi- 
cantly from that determined initially, and moreover it was found that, provided the 
specimens had been outgassed, identical results were obtained for both heating and 
cooling cycles. The linear rate of sliding was quite low: about 3 cm/minute. The normal 
load was varied between 25 g and 3 kg. 


RESULTS 


Typical results for the various cases described above are presented in Figs. 5, 6 and 7. 


(a) Friction between similar carbides and similar borides 

All the carbides and borides, with the exception of boron carbide, had one property 
in common: they all showed an initial decrease in friction followed by a sharp increase 
as the temperature was increased. The effect of outgassing was to cause a threefold 
increase in the coefficient of friction. Here again, the behaviour of boron carbide was 
anomalous, only a very small increase being observed. The temperature at which the 
rapid increase in friction was observed was clearly defined. Tantalum carbide had an 
unusual minimum: the friction initially decreased gradually and then at 1,400°C gave 


a very sharp minimum. 


(b) Friction between dissimilar carbides and dissimilar borides 

The friction between dissimilar carbides and borides was investigated to estimate 
the effect of a possible increased reaction between specimens. Several workers have 
suggested that the welding mechanism in the adhesion theory can be influenced by 
chemical reaction. It has been suggested that relative solid solubilities of the sliding 
materials could influence the friction between them. MERCHANT’, Roacu, GoopzEIT 
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AND Torta’ and others have concluded that the materials which show solid solubility 
are likely to exhibit higher friction and wear than those that do not. KENYON in this 
laboratory? investigated the friction of graphite with metals and the results could be 


° 500 1000 1500 2000 fe) 500 1000 1500 2000 
TEMPERATURE °C TEMPERATURE °C 
(a) (b) 


OUTCASSED 


°o 500 1000 SOO 2000 ° 500: 1000 1500 2000 
TEMPERATURE °C TEMPERATURE °C 


(c) (d) 


OUTGASSED 


° 500 1000 1500 2000 ° 500 1000 iE tele} 
TEMPERATURE “°C TEMPERATURE °C 


(e) (f) 

Fig. 5. Variation with temperature of the coefficient of fricti 
carbide; (b) niobium carbide; (c) tantalum carbide; (d) 
(f) zirconium boride. 
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explained by one of two mechanisms. If no carburisation occurred, then the friction 
decreased with increasing temperature up to the melting point of the metal. If car- 
burisation occurred as with tungsten, nickel, tantalum and molybdenum the friction 
increased rapidly when interaction between the graphite and metal commenced. In 
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Fig. 6. Variation with temperature of the coefficient of friction 4 with dissimilar materials. (a) Nio- 


bium carbide on tungsten carbide; (b) titanium carbide on tungsten carbide; (c) niobium carbide 
on titanium carbide; (d) titanium boride on zirconium boride. 


the present case the frictional behaviour of dissimilar carbides and borides was 
very similar to that observed for similar carbides. The effect of outgassing was 
not so marked, but generally a twofold increase was observed. The minimum in 
the curve generally occurred at a lower temperature than for the components 
and also the increase in friction was more rapid, indicating some additional effect. 


(c) Friction between graphite and carbides or borides 
The friction of graphite on carbides and borides was very similar to that . graphite 
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on graphite? in that 4 decreased as the temperature was increased. Initially the fric- 
tion fell sharply but above 1,000°C only a slight decrease was observed. 

In none of the experiments did any carbide or boride suffer appreciable wear. The 
variation of the linear rate of sliding from between 1 cm/sec and ro cm/sec did not 
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alter the value of the coefficient of friction. Also the coefficient did not vary with load 
between 25 g and 3 kg. 


DISCUSSION 


The carbides are very hard1° and the area of contact would be much smaller than 
between steel sliders under the same load. At room temperature the friction is low 
(u = 0.2), but the effect of outgassing shows that this is due to the lubricating proper- 
ties of the surface film and not to the low area of real contact. The friction of other 
hard materials increases on outgassing, e.g., diamond!! and sapphire!2, but the in- 
crease is much greater than for the carbides. It is probable that the discontinuous 
nature of the sintered material facilitates the breaking up of interfacial junctions and 
reduces the value which would be obtained from single crystals. Single crystals of 
carbides are extremely difficult to obtain: the largest have been prepared by carburi- 
sing the transition metal while in solution in molten iron. The carbide crystal sepa- 
rates out and is removed. Unfortunately, they are not of a sufficient size (less than 
I mm) to make frictional measurements. 

Since the results for different carbides are so similar it was considered that structure 
was not the only factor which determined the frictional behaviour. Generally, the 
frictional force is determined by the strength, compressive and shear, of the material. 
For materials which are prepared by sintering, these mechanical properties are deter- 
mined by the manner in which the powder is compacted. Grain size, pressure, time 
and temperature of sintering are all important variables. On heating the compact an 
increase in the mechanical cohesion of the whole body occurs. At a particular tempera- 
ture — the cementing temperature — the tenacity between two contacting grain sur- 
faces suddenly rises to a high value. A difference in the frictional behaviour would be 
expected between sintered materials and homogeneous materials, especially if the 
intercrystallite bonding were much less than the strength of the grains. The coefficient 
of friction was observed to be independent of load over the range of loads (25 g—3 kg) 
employed. This suggests that plastic deformation of the asperities occurs—as KING 
AND TABOR? found with other brittle solids. However, if the deformation were entirely 
elastic and the number of contacts large then the coefficient of friction would also be 
independent of the load (ARCHARD?) and a simulated plastic behaviour would be 
observed. No evidence is presented to distinguish unequivocally between these views. 
It would be expected, however, with a refined technique to find wu proportional to load 
for light loads if elastic behaviour predominated. Kinc AND TABoR? illustrated by a 
simple calculation that the asperities of highly elastic materials when under hydro- 
static pressure exhibit a strength of approximately twelve times that of the bulk 
material under normal conditions. It is suggested that for highly elastic materials at 
low temperatures when sliding occurs there is shearing at the interface, which, since 
the asperities themselves are strong and the material sintered, may be accompanied 
by the tearing out of individual grains. This would then provide a simple explanation 
of the wear process. It is not considered that adhesion in the accepted sense of the 
word occurs at low temperatures. 
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As the temperature is raised the area of contact remains approximately constant, 
but the interfacial adhesion (which is in effect equivalent to the intercrystallite 
adhesion) may diminish. The force to shear is reduced and the force to displace or 
uproot surface grains is also reduced. The friction therefore decreases. 

At a higher temperature a marked change occurs. Intercrystallite diffusion increases 
and the interfacial junctions become stronger. In addition there is an overall softening 
which increases the area of contact. Some evidence for the onset of plastic deformation 
of carbides and borides has been provided by JAcKson?%, who carried out a series of 
experiments on the hot pressing of these materials. He heated a powder under pressure 
in a graphite die and observed the temperature at which it yielded plastically. In 
almost every case the temperature at which the minimum in the friction curve occurred 
agreed with the value JACKSON quoted for the onset of apparent plastic behaviour in 
materials of comparable grain size (Table I). 


DABLE, 1* 
Room : ae 

, Melting jem, Softening Grain Friction Mean 
Material point Navaness point size minimum grain 

(heim) (°C) (“) (°C) (Ww) 
WC 2,870 2,400 815 0.8 830 1.0 
ac 3,880 1,800 1,185 0.8 1,420 I.0 
BaC 2,350 3,500 900 0.8 No. min. 76. 
sa. 3,140 3,200 1,315 0.8 1,300 I.0 
NbC 3,500 2,400 1,320 0.8 1,300 I.0 
VC 2,830 2,800 920 0.8 900 0.75 
ZrBe 2,990 2,200 1,475 0.8 850 0.7 
TiBz 2,980 3,400 1,265 0.8 900 0.7 


* The majority of the melting point and room temperature data has been obtained from Refractory 
Hard Metals by SCHWARZKOPF AND KIEFFER. 


Other work (BECKER! and DAwIHL!®) on the mechanical properties of carbides has 
established plastic deformation above rooo°C. Graphite, a similar material to car- 
bides in several respects, exhibits primary, secondary and tertiary creep!* in both 
tension and compression at very high temperatures. SCHWARZKOPF AND HIRSCHL!? 
have produced carbide solid solutions from preformed carbides by hot pressing at 
1,500°C—a press wholly dependent on diffusion. There is therefore sufficient evi- 
dence for both increased plasticity and an appreciable rate of diffusion at the tempera- 
ture at which the friction starts to increase. These two effects, plastic flow and sin- 
tering, which it is suggested are responsible for the increase in friction, have been the 
object of detailed investigations!$.19,20, It may not be possible to separate these two 
processes: plastic flow will not occur until the thermal energy has reached a certain 
value and sintering is dependent upon diffusion, which is due to the thermal motion of 
the atoms. Most of the theories of sintering are based on the surface energy driving 
force, but whether the mechanism of transport is mainly diffusion or plastic flow has 
not been established. 
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It appears that for metals, diffusion is predominant, but in ceramic materials 
plastic flow occurs to an extent not found in metals. 

In the series of experiments on dissimilar carbides it was expected that the “so- 
lution” of asperities may affect the frictional behaviour. It was observed that the 
minima in the curves were displaced to a temperature between those for the minima 
of the components and the increase in friction was more rapid than for similar 
materials. The work of SCHWARZKOPF AND HirRSCHL!” has shown that solid solution of 
asperities can occur at the temperature obtained in the experiment. The mutual solu- 
tion between asperities would assist in the formation of ‘‘welds’’ and the frictional 
force would increase. The solution effect cannot simply be added to the effects observ- 
ed for the component parts, as the two sliders have different properties, different 
intercrystallite forces and the crystallites have different diffusion and softening 
temperatures. The effect of this would be to make the minima less distinct and 
extend over a greater temperature range. KENYON‘ investigated the frictional 
properties of carbon and graphite. He found that for outgassed graphite the 
friction decreased with temperature. The friction between the metals and graphite 
appeared to be dominated by the graphite, except when a reaction between the metal 
and graphite occurred, which caused an increase in friction. The frictional behaviour 
observed for carbides and borides on graphite follows the same pattern. A decrease is 
observed up to 800° — 1,200°C, after which the friction remains constant. The initial 
decrease can be explained by the same mechanism as was used to explain the decrease 
for borides and carbides, 7.e., a decrease in the intercrystallite forces. Above 800°C the 
carbide or boride softens and the weakening of the graphite must be counterbalanced 
by the increase in the real area of contact. No reaction between the graphite and car- 
bide or boride sliders occurred and consequently no sharp increase in friction was 
expected. 

A remarkable feature of these experiments was that only very slight wear was 
observed on any carbide or boride surface. SHOOTER?! investigated the frictional and 
wear properties of tungsten carbide and found that wear was discernible only after 
2,000 traversals under a heavy load and that during this time the coefficient of fric- 
tion remained constant at “7 = 0.3. SAWIN?? considered the most important process in 
wear to be removal of material by adhesion, and related the wear resistance to the 
adhesion temperature. For tungsten carbide he found the adhesion temperature to 
be 1,050°C and for titanium carbide 1,200°C. To decrease wear, SAWIN suggested 
that the adhesion temperature must be increased, and by adding titanium carbide to 
tungsten carbide tools he obtained a marked improvement: the adhesion temperature 
was raised by more than 150°C. TRENT?? also observed the greater wear resistance of 
titanium—tungsten carbide, attributing this to the fact that tungsten carbide forms a 
solution with the steel at temperatures of the order of 1,300°C, whereas titanium 
carbide does not. The effect of a bonding material on the intercrystallite forces is 
illustrated by the fact that only 1% of cobalt is sufficient to reduce the adhesion 
temperature by 250 — 300°C. In addition to the variation of the adhesion temperature 
and of the tensile strength of the material, the strength of the weld also has consider- 


4 
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able influence on the extent of wear. SAWIN found that adding titanium carbide, for 
example, increased the adhesion temperature but decreased the strength of the weld. 
From the standpoint of adhesion, refractory carbide and borides completely free from 
auxiliary metals should have the greatest resistance to wear, when subjected to 
sliding friction without lubrication, but self-bonded materials often have a weak grain 
boundary and this reduced the wear resistance. It is difficult to explain the very small 
amount of wear observed in these experiments. It was probably due to light loads 
(25 g —3 kg) slow sliding speeds and a very small area of real contact. 

Boron carbide and to a certain extent tantalum carbide were anomalous. The boron 
carbide showed no distinctive minimum and the effect of outgassing was not as mark- 
ed as for other carbides. JACKSON reported a softening temperature of 915°C and 
some effect would have been expected here. Boron carbide is harder (3,500 kg/mm?) 
than the other carbides and borides, e.g., tungsten carbide 2,800 kg/mm? and titanium 
carbide 3,200 kg/mm?2, and maintains its strength particularly well at high tempera- 
ture (LIDMAN AND HamjIANn24). It has the lowest melting point of all the materials 
investigated (2,350°C). In the basis of X-ray, electrical resistivity, and density 
measurements, GLASER, MosoKowITz AND Post?5 have recently concluded that no 
stoichiometric compound of the composition B4C exists. It is believed that boron 
carbides are best described as solutions of varying amounts of carbon, from at least 
4at.% to 28 at.% in a slightly distorted boron lattice. The manufacturers experienced 
extreme difficulty in the fabrication of boron carbide because sintering did not readily 
take place. 


CONCLUSION 


The frictional behaviour of refractory carbides and borides can be explained in terms 
of the adhesion theory of friction. At low temperatures the friction which is due to the 
mechanical interference of asperities is greatly influenced by the strength of the grain 
boundary. As the temperature is increased the friction decreases until 1,000°C when 
there is evidence of plastic flow, and sintering. It would seem that sintering is the 
more important phenomenon for in the cases where it does not occur—boron carbide 
and friction with graphite — no sharp increase in the coefficient of friction occurred. 
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SOME ASPECTS OF THE SCHIEFER ABRASION MACHINE 


P. B. G. UPTON anp R. H. BROMLEY 


The Printing, Packaging-and Allied Trades Research Association, Leatherhead, Surrey (Great Britain) 


SUMMARY 


The design of the Schiefer machine and some aspects of the action of a machine of this general 
pattern are considered. A possible theoretical improvement in design to permit more uniform 
rubbing with a wider variety of abradants is suggested. 


INTRODUCTION 


Abrasion resistance is a property of universal interest but one that is at present dif- 
ficult to treat in fundamental terms. We can reasonably assume, nevertheless, that 
the wear rate between two given surfaces will depend upon the pressure and the relative 
velocity (in magnitude amd direction) in addition to the abrasive characteristics of 
the surfaces. These factors should therefore be controlled in a satisfactory abrasion 
test machine. Of the multiplicity of unrelated tests now existing one of the most 
attractive is that due to SCHIEFER, in which discs carrying the specimen material and 
the abradant rotate in plane contact, with the same angular velocity, on eccentric 
axes (Fig. I). SCHIEFER! has formally proved that this arrangement produces every- 
where a constant relative speed between the specimen and abradant, the direction of 
the relative motion changing steadily around the full circle. 


oe 


Fig. 1. Schiefer rubbing arrangement. 
The design has found application inter alia as a wear test for fabrics23.4 and, in these 
laboratories, as a rubproofness test for ink films printed on paper or similar materials}: 


the latter instrument is illustrated in Fig. 2. 
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Tig. 2. Patra version of Schiefer’s apparatus. Features include: dead weight loading; air blast 
for conditioning and detritus removal; arm carrying upper specimen disc adjustable to vary 
distance between disc centres; untensioned mounting of specimens on foam cushions. 


The principle of the design can be made more readily evident by reference to Fig. 3. 
When two platens (not necessarily circular) rotate in the same plane with the same 
angular velocity the relative motion is such that each revolves round the axis of the 
other without rotating on its own axis. Fig. 3 shows (a) the disposition of the two 


MOQ 
Oey ey 


Fig. 3. Self-evidence of Schiefer’s principle. The successive positions of two rotating platens shown 
in (a) are viewed in the same aspect in the sketches (b). 
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platens at successive instants, and (b) the same diagrams turned so that one platen is 
seen each time in the same aspect. 

ScHIEFER did not investigate the pressure distribution between the two platens. 
It has been shown$, however, that for an ideally hard disc indenting an elastic body 
with average pressure P the actual pressure over the former varies from }P at its 
centre to infinity at the periphery. This non-uniformity is mitigated with real materi- 
als to a greater or lesser extent. DirIG AND AUGSBURGER? do not discuss the theoretical 
merits of their brush abradant but evidently a major point is that a brush is not an 
elastic body. The bristles of a brush will behave as crumpling struts so that the brush 
will have a certain maximum load-bearing capacity depending on the nature, diameter, 
length and number of bristles. This “‘yield-value’’ sets an upper limit to the local 
thrust on the test specimen and, in principle, by proper selection of brushes one should 
be able to carry out abrasion tests at roughly constant “pressure’’ (load per bristle). 
Our own use of polyurethane foam cushioning® is based on similar reasoning; this 
material has the convenient characteristic that its load/compression curve is practi- 
cally flat over an appreciable portion of its total extent. Our specimens are normally 
thin and moderately flexible (paper or thin board) and cut, very slightly larger than 
the supporting cushion, by a die which “dishes” the edge a little. We should thus 
maintain roughly constant pressure over the whole contact area and also accommodate 
local variations in specimen thickness without producing high-pressure spots as would 
occur with an elastic cushion. 


This cushioning material is effective over a rather wider range of pressure than would be expected 
on the foregoing basis, but the time dependence of the compression curve does introduce a further 
factor. It may be that, compared with (say) rubber, the plastic foam is better able to absorb the 
energy of blows resulting from the interaction of protuberances on the surfaces during the rubbing 
action. 


ANALYSIS OF RUBBING MOTION 


If w is the common angular velocity of the platens and a the distance separating 
their axes, every point of either platen pursues at constant speed wa a circular track 
of radius a relative to the other. A distribution of points on one platen which is 
homogeneous up to a radius r gives rise to a distribution of tracks on the other which 


Fig. 4. Anisotropy of track distribution when the distance between disc centres equals the radius 
of the smaller disc. 
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is homogeneous and isotropic up to a radius 7-a; (by homogeneous we mean that a 
distribution is equally “dense’’ at all points, and by isotropic we mean that at every 
point all directions round the full circle are equally represented). 

The platens of the Schiefer design are discs of diameter 2a and 4a. With homoge- 
neous surfaces, therefore, the smaller disc is a zone of uniform track distribution. 
The anisotropy of the track distribution on the other disc is illustrated in Fig. 4, 
where two positions of the small disc are depicted: viz. when it contacts and leaves a 
point P at radius 7 on the large disc. It is evident that the large disc is rubbed uni- 
formly at P in directions contained by the angle 0 between the directions of relative 
movement of the small disc in these limiting positions and, by simple trigonometry, 


Y 
@ = 2 arc cos (=) 


where F is the radius of the large disc. 


As a point of incidental interest this relation has been found to predict very well (as determined 
by reflectance measurements) the distribution on the large disc of a black ink transferred thereto 
in rubbing against a printed specimen on the small disc. 


We conclude that any interaction between the discs will affect the surface of the 
small disc uniformly insofar as the surface of the large disc is unaffected. For example, 
an ink film on the small disc will be rubbed uniformly provided the ink transferred to 
the large disc does not influence the abrasiveness of the latter. Similarly, an ink film 
on the large disc will deposit a uniform density of ink on the small disc, provided the 
loss does not alter the rubfastness of the ink film. 

In SCHIEFER’s original publication the larger abradant disc carried a set of spring 
steel blades which were assumed to present a surface of constant abrasiveness. In the 
unlikely event of this assumption being correct, his arrangement would then indeed 
give uniform wear on the specimen surface. A more usual state of affairs in practice is 
for wear to occur on both rubbing surfaces, the abrasiveness of the surface changing 
as wear proceeds. The non-uniform distribution of the wear on the larger disc, 
(wear being interpreted as any change in surface characteristics as for instance, remo- 
val of material, polishing, or accumulation of detritus from the other disc), normally 
produces inhomogeneous abrasiveness of this disc, when the wear of the specimen is 
no longer exactly uniform. 


MODIFIED SCHIEFER DESIGN 


The problem can be partially resolved by reducing the distance between the centres 
of the discs so that it is small in comparison with their diameters. With surfaces that 
are initially homogeneous the result is uniform rubbing on both discs, except for an 
annulus at the edge of the affected area on the larger, equal in width to twice the 
distance between centres. If the abrasiveness varies appreciably with the rubbing 
received, however, this will give rise to further “reflected’’ annuli on both discs of 
progressively decreasing severity. The limiting case as the centres approach each 
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other is, of course, coincidence of the centres when no rubbing at all occurs. However, 
so long as the distance between centres remains finite, the angular velocity of the 
discs can, in theory at least, be increased to a value which gives a reasonable surface 
speed. It is evident, however, that if the distance is too small the elastic properties of 
the specimens or their mountings may be such as to permit displacement of the discs 
without sliding occurring between the specimen surfaces. In practice we find that a 
convenient value for the distance between centres with a 2-inch specimen disc is 
about 0.05 inch. 

This arrangement gives rise to some further considerations. In the first place, since 
the size of the circular tracks described on the one disc by points on the other is now 
relatively small, local variations in abrasiveness or wear resistance become very much 
more apparent and may make results more difficult to assess. On the other hand, in 
wear studies where an inherently inhomogeneous material is concerned, it can provide 
an extremely useful tool in making comparisons of wear resistance or abrasiveness 
between closely adjacent areas of the same specimen. Fig. 5 shows a result obtained by 
rubbing a printed label against a white card in this way. The circular detritus tracks 
llustrate the motion of the specimens during rubbing. 


Fig. 5. Small amplitude rubbing of a label (right) against white card (left). A result showing distinct 
detritus tracks is chosen to illustrate the motion of the discs. 


A further possible objection to the arrangement is that neither of the rubbing 
surfaces is now available to (say) an air blast for maintaining constancy of temperature 
and/or moisture content, or for the removal of detritus. Again, as in all empirical 
tests, the desirability or otherwise of conditioning or detritus removal ought to be 
referred to wear conditions which will be practically encountered by the test material. 
Detritus which becomes attached to either abradant or specimen may alter results by 
affecting either the abrasiveness of the surface or the area of contact; in the case of 
ink and varnish films nodules may build up from the detritus which effectively pre- 
vent contact between the test surfaces. Loose detritus, if not very different in 
abrasiveness from the materials themselves, would be expected to reduce wear, since 
the work available for abrasion is limited to the rolling friction of the detritus particle. 
The path of a symmetrical detritus particle between the discs is a circle on both discs 
of radius equal to one half the distance between the centres of the discs, The probabili- 
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ty of detritus being trapped in this way, in the case where the distance between centres 
is equal to the radius of the smaller disc, will be determined by the initial position of 
the particle, but there will be for all positions a finite chance of the detritus particle 
taking a track passing over the edge of the small disc. In the case where the distance 
between centres is reduced, however, there will be a fraction of the disc area from 
which detritus has no chance of escaping if it follows any normally predicted track. 


DISCUSSION 


We would emphasise that it is not the intention of this note to discourage the use of 
the Schiefer design (or variants thereof) in wear testing. 

Correlation between test results and practical experience is almost as much a 
matter of correct choice of test conditions as of the type of test employed. In our use 
of the Schiefer design to assess print rubfastness, we have generally supported the 
idea that rubbing pressure in the test should be roughly similar to that encountered 
practically, and that the general level of damage in the test should correspond 
roughly with the practical results. The difficulty is, of course, that prints are exposed 
to a variety of rubbing hazards depending on the use to which they are put (cartons, 
books, labels, etc.) and that even for similar articles the intensity of the hazard may 
vary over a wide range. 


Because of the variability of the practical hazard it is difficult to conduct organised trials on a 
scale sufficiently extensive to determine the correlation between test and practice with any 
confidence. In one limited filling and transport trial of printed cartons, a Spearman rank correla- 
tion of 0.81 between test and practical gradings was obtained; the probability of such a high value 
arising by chance is less than half of one per cent. Perhaps more valuable evidence is provided 
by the experience of large industrial users of our rubfastness test instrument over a period of years; 
this has shown that practical rubfastness of printed matter can be predicted with considerable 
accuracy and confidence by this test. 


We feel that SCHIEFER’s design is almost certainly the best way of producing a 
reasonably simple wear action which may, perhaps, in time be related to a more 
fundamental understanding of the mechanism of wear, and we trust that the fore- 
going remarks may assist in extending its application with a better understanding of 
some of the factors involved. 
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WIRE BRUSHING OF ALUMINIUM 


MECHANISM OF “ORANGE PEELING” 


A. SELWOOD anv J. MOLGAARD 
Research Department, British Nylon Spinners Limited, Pontypool, Mon. (Great Britain) 


SUMMARY 


The brushing of aluminium by rotary nickel silver wire brushes gives surface changes due to low 
temperature welding, and not surface melting. This is shown by examination of the surface pro- 
duced at different speeds of brushing, with and without lubrication, and by experimental and 
theoretical estimation of surface temperature. 


INTRODUCTION 


Rotary wire brushing of aluminium alloy produces a satin surface finish (Fig. 1). 
However, prolonged brushing produces a very rough and streaky surface which has 
been called ‘“‘orange peel’’! (Fig. 2). This type of surface can also be formed on other 
materials, e.g. lead and brass. It is sometimes thought, presumably from the appear- 
ance of the surface, that orange peeling is caused by surface melting. However, the 


Fig. 2. ‘‘Orange peel’’. 
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experiments and considerations outlined below indicate that the effect is caused by 
low temperature welding. 


THE GROWTH OF ORANGE PEEL WITH DURATION OF BRUSHING 


HT 10 WP heat-treated alloy tubes were brushed with an r1-in. diameter rotary 
nickel silver wire brush. The hardness of the bristles of the brush was about 200 kg/ 
mm?, and of the alloy tubes about 110 kg/mm?. It was known that working could not 
harden the tubes much more. 

Fig. 3 is a photomicrograph of a tube surface after 2 sec brushing. The contact 
between the tube and the brush was very light. The brush was rotating at 400 rev/min. 


i a} 


Big: 3. 2 séc peaahieg 400 rev/min. Fig. 4.5 sec brushing, 400 rev/min. 
The photograph shows continuous and stick-slip scratches, and here and there signs 
of the movement of larger amounts of material. Fig. 4 shows a number of small dark 
areas which are shown by examination with an objective of high numerical aperture 
(low depth of focus) to be raised above the surface. These mounds continue to grow 
with further brushing, forming the orange peel surface (Figs. 5 and 6). 

Fig. 4 is at a higher magnification than Figs. 3, 5 and 6. The direction of brushing 


and the size of a single bristle are indicated on the photographs. 


THE EFFECT OF BRUSH SPEED 


Orange peeling can occur at very low brush speeds. The surface formed after 2 minutes 
brushing at 50 rev/min (Fig. 7) is almost identical with the surface formed after 15 sec 
brushing at 400 rev/min (Fig 5). This shows that impulsive loading between the bristle 
and the surface is not important. 
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Fig. 7. 2 min brushing, 50 rev/min. Fig. 8. Talysurf traces of brushed surfaces. 


TALYSURF EXAMINATION 


Talysurf records of the surface change are shown in Fig. 8. Fig. 8 a, b, c, e and f are 
respectively the profiles, at right angles to the direction of brushing, after 2 sec, 5 sec, 
15 sec, 4 min and 40 min brushing at 400 rev/min. Fig. 8 d is the profile after 2 min 
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brushing at 50 rev/min. Fig. 8 c and 8 dare similar profiles which have the same c.l.a. 
value, just as the photographs Fig. 5 and Fig. 7 have a similar appearance. 


INDENTATION FORCES 


The force exerted by a single bristle when pushed against a balance pan was measured 
to be of the order of 0.5 g. Furthermore, calculation shows that the total centrifugal 
force on the bristle (weight 6 mg) is 0.2 g at 400 rev/min. Since the bristle is only 
slightly deflected when it touches the tube, not much of the centrifugal force is likely 
to be applied to the tube. 

The sum of these outward forces would cause a bristle tip to make an indentation 
of area 7 ‘10-6 mm? into the aluminium tube. This corresponds to a circular inden- 
tation of diameter 1.5 ~ and this is the same size as the width of the fine scratches 
shown in the photographs. 


HOT SPOT TEMPERATURES 
Theoretical 


JAEGER? and BLoK® have derived theoretical expressions which predict the tempera- 
ture rise at friction junctions. These equations assume that the area of contact is 
known. ARCHARD® has incorporated with these ideas a calculation of the real area of 
contact. The equations make various assumptions about the way the frictional heat 
divides between the surfaces and the cooling of the surfaces by each other, as deter- 
mined by the relative velocity of the point of contact over each surface. 

The equations which seemed appropriate to the present problem predicted tempera- 
ture rises, in every case less than 100°C. 


Measurement 

Using BOWDEN AND RIDLER’s method of utilising the friction junction as a thermo- 
couple, the hot spot temperatures were measured directly. 

The wire brush was mounted on an electric drill spindle with the spindle earthed via 
a mercury cup. An oscilloscope was connected to measure the fluctuations of thermo- 
electric voltage produced between the revolving brush and an aluminium tube held 
against the brush. 

A thermocouple made from a turning from the aluminium alloy together with a 
bristle from the brush was used for calibration and had a thermal e.m.f. of 85°C/mV. 

In the brushing experiments the bristles of the brush were cleaned with carborun- 
dum paper to remove any aluminium adhering to them. 

The maximum temperature flashes observed at various brush speeds were: 


Rev/min Temperature flash (°C) 
630 10° 
1,040 20° 
1,680 40° 
2,580 80° 
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The uncertainty in these results is not likely to be more than + 50%. 
An experiment with a single bristle instead of a complete rotary brush gave similar 


results. 


THE EFFECT OF LUBRICANT 


Lubricant prevents ‘orange peeling’ completely. Fig. 9 shows the surface after brush- 
ing under soap solution for 100 rev at 50 rev/min. This surface may be compared 
with the surface after the same amount of dry brushing (Fig. 8). 

It appears that temperatures sufficient for melting the surface are not developed. 
Therefore, the effect of lubricant is not one of cooling. The lubricant, whilst not pre- 
venting indentation and scratching would inhibit cold welding. Perfectly clean sur- 
faces are known to weld together easily®. 


Fig. 10. Bristle tip with aluminium adhering. 


EXAMINATION OF BRISTLE ENDS 


It is instructive to examine a bristle after a short period of brushing. Before the brush- 
ing the bristle was cleaned against carborundum paper, then immersed in dilute 
nitric acid and rinsed with water. The resulting micrograph obtained after brushing 
for 4 min on clean aluminium is shown in Fig. 10. Large pieces of aluminium are 
shown adhering to the end of the bristle. 


CROSS SECTION OF BRUSHED ALUMINIUM SURFACE 


Fig. 11 is a perpendicular section, parallel to the direction of brushing of a surface 
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brushed for 4 min at 630 rev/min. The section was polished with alumina in isopropyl 
alcohol, followed by 5 sec in Keller’s etch. 

The photograph shows the deposition of metal onto the surface, forming the mounds 
seen in the previous photographs. Also, some more loosely attached smaller particles 
can be seen in the cross-section. 


Fig. 11. Cross-section of brushed aluminium. 


When the specimen was polished with alumina in distilled water, a brown colour 
appeared on and near the deposited metal, whereas after polishing the specimen in 
isopropyl alcohol, the deposited metal is of similar colour to the rest of the surface. 

This suggested that the brown colour was due to electrolytic transfer of copper from 
the nickel silver onto the aluminium. The nickel silver could be present in small 
quantities in the deposited aluminium and the electrolytic reaction takes place particu- 
larly during the coarse polishing when bits of nickel silver are carried over the 
surrounding aluminium. This effect was confirmed by polishing a nickel silver wire 
embedded in aluminium. A brown colour appeared in the aluminium surrounding the 
nickel silver after polishing with coarse alumina in water. There was no discolouration 
when isopropyl alcohol or liquid paraffin were used. The nickel silver wire remained a 


pale yellow colour. 


CONCLUSIONS 
The most plausible mechanism for the “orange peeling’’ is cold welding between the 
bristles and aluminium. This could be facilitated by indentations and scratches 
penetrating the oxide layer. The particles of aluminium are attached to the bristles 
and then reattached to the aluminium surface together with a very small quantity of 
nickel silver. Fresh deposits tend to occur at earlier deposits so that the mounds of 


transferred metal grow. 
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Authors’ Abstracts 


Study of the Thermal Behaviour of Diesel Engine Oils (in French) 
M. MacNaps AnD M. A. DE Gorpiin*, Société ANTAR (Paris). 


The bench test makes it possible to study the behaviour of a lubricant in operation. 
But, since it is long and costly, it must itself be preceded by simpler tests which 
enable direct researches to be carried out. 

It is for this purpose that ANTAR laboratories developed a coking bench where 
the oil undergoes a similar aging to that observed in a diesel engine. When sprayed 
onto a heated metal surface, it drips together with condensates into a cold beaker 
and the process is then repeated, following the same cycle as the lubricant does in the 
engine, passing from the hot cylinder walls to the cold sump. The adopted device is 
flexible enough to enable operation under various temperatures, and accurate enough 
to provide reproducible results. The coke and varnishes produced on the hot surface, 
both by the liquid oil and by its vapours, are examined, as are the oil characteristics 
at the end of the test. Thus, curves are obtained of, for example, coke weight versus 
time or acid index versus time at various temperatures. 

The optimum composition for a mineral oil could first be determined, and then 
the improvement of its thermal strength resulting from the addition of various dopes. 

The comparison of the curves of various lubricants obtained on the coking bench, 
and of the PETTER engine data, showed a clear relationship between both sets of 
results. The value of the coking bench as a research instrument was thus demonstrated. 
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The Viscosity-Pressure-Temperature Dependence of Mineral Oils (in German) 


E. Kuss (Institut fiir Erdélforschung, Hannover, Germany) — Materialpriifung, 2 (6) 
(1960) 189-197; (9 fig., 4 tables, 35 ref.). 
Owing to the complexity of multicomponent mineral-oil systems of unknown 
molecular structure, it is much more difficult to predict the technically important 
dependence of viscosity upon pressure for lubricating oils than it is for chemically 
well-defined substances. Difficulties are enhanced when oil additives are present. 

A considerable number of lubricating oils, some of widely varying composition, were 
investigated up to 2000 atmospheres, with the following results: 
(a) Characterization of the oil composition, for instance with the aid of Waterman’s 

method, is not sufficient for determining viscosity—pressure behaviour. At least 

* Lecture given to the ‘Société des Ingénieurs de l’Automobile’’. For information and reprints 


write to: ANTAR, 4 Rue Léon Jost, Paris 17; c/o Direction Technique & Etudes, Section Con- 
structeurs et Documentation. 
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the degree of branching should be additionally accounted for by means of a 
structural coefficient. 

(b) The relation between the pressure coefficient of viscosity and the energy of activa- 
tion was shown not to be sufficiently accurate for predicting pressure dependence 
on viscosity. 

(c) However, a prediction of the viscosity—pressure coefficient can be derived with 
an accuracy of about 5-7%, if the aniline-point is used in connection with certain 
values of the Waterman analysis. 

The presence of additives, such as lead-naphthenate, must be accounted for by an 

additional correction of the value of density. In this way great variations of the 

viscosity—pressure coefficient with temperature will be taken into account auto- 
matically. The new method of predicting viscosity—pressure behaviour of mineral oils 
was checked by means of our own experimental data as well as of the results of the 

ASME project. 

(See also: E. Kuss: Z. angew. Phys., Io (1958) 566-575.) 
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Wear Research and Rheology (in German) 


G. SALomon (Centraal Laboratorium T.N.O., Delft, The Netherlands) Materialprii- 
fung, I (tt/12) (1959) 385-390; (4 fig.; 51 ref.). 

A study is made of the correlation between bulk properties and wear resistance of 
materials. Some of the concepts used in technological work on wear are first explained. 
The theory of friction is then used as a starting point. Elastic and plastic processes 
should be considered separately. Recent statistical approaches give a correlation 
between primary processes in friction and in wear. 

Although maximum temperatures of rubbing surfaces can be calculated, it is not 
yet possible to predict all the consequences of frictional heating. The influence of 
thermal and of rheological properties on the ultimate wear resistance of abrasives, 
rubbers and fibres is briefly outlined. It can be concluded from recent advances in 
technology that the wear resistance of materials, under extreme conditions of pressure 
and temperature, is determined by their thermal and also by their rheological prop- 
erties. 
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Stick-Slip Friction as a Cause of Torsional Vibration in Textile Drafting Rollers 


H. CaTLInG (Institution of Mechanical Engrs., London). Advance copy No. 26/59 (1960) 
7 pp.; (9 fig., x table, 7 ref.) 
Torsional vibration of long rollers stimulated by stick-slip frictional behaviour con- 
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stitutes a problem in the drafting of fibrous textile materials. A study of the behaviour 
of long rollers, including the measurement of the periods of stick and slip during 
vibration is described. With the object of finding a combination incapable of 
maintaining stick-slip vibrations the detailed frictional behaviour of a number of 
bearing materials and lubricants was investigated and a laboratory instrument was 
made to simulate service conditions and indicate the liability to stick—-slip vibration 
of single bearings. Good correlation was observed between the liability to vibration 
of single bearings in the tester and the performance of multiple bearing assemblies 
in service. No completely satisfactory solution has been found, although many com- 
binations have been tried. 
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The Volume of Stressed Material Involved in the Rolling of a Ball* 


R. C. Drutowsk!1 (General Motors Corp., Research Laboratories, Warren, Mich.)— 
Preprint: General Motors Rept. No. 264, pp. 13; (12 fig., 4 ref.). 

The force necessary to roll a ball on a flat plate is experimentally determined as 
a function of the load for a number of different ball diameters and steel structures. 
Previously published data expressing rolling force as a power of the load and ball 
diameter is shown to be inadequate in describing the behavior of the rolling ball over 
the full load range employed in this investigation. The rolling force is found to be 
negligible for contact stresses less than a certain ‘‘threshold” contact stress. Once the 
rolling force becomes measureable, it is shown to be proportional to the volume of 
significantly stressed material until a contact stress is attained which is sufficient to 
cause. plastic deformation. The significantly stressed volume is determined from the 
distribution of the strain energy stored in the Hertzian stress field of a ball in contact 
with a flat plate. The threshold contact stress, the constant of proportionality between 
the rolling force and significantly stressed volume, and the contact stress at which 
plastic deformation is initiated are shown to be independent of the diameter of the 
rolling ball but dependent on steel structure. A model is introduced relating the vol- 
ume of significantly stressed material to the elastic hysteresis processes responsible 
for the energy losses during rolling. 


* Presented at the ASME-ASLE Lubrication Conference, October 17-19, 1960. ’ 
See also: R. C. Drutowsk1, Energy losses of balls rolling on plates, in Friction and Wear, edited 
by R. Davies, Elsevier Publishing Co., Amsterdam, 1959. 
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Systematic Abstracts of Current Literature 


ee ee 


Selected from the literature and from Battelle Technical Review 1960 


1. DEFORMATION AND FRACTURE 


Factors Affecting the Ductility and Strength 
of NaCl Single Crystals Tested in Flexure. 
C. A. Stearns, A. E. Pack, and R. A. Lad. 
Journal of Applied Physics, v. 31, no. 2, 
February 1960, p. 231-234. 

An experimental investigation has revealed 
that the initial deformation of NaCl single 
crystals is anelastic rather than Hookean. 
This anelastic deformation is manifested by 
a low slope foot in the load-deflection curve. 
The magnitude of the foot is dictated by the 
pretreatment given the specimen. Treatments 
which increase or decrease the fresh disloca- 
tion density respectively increase or decrease 
the length of the initial anelastic foot. The 
experimental results have been discussed in 
terms of the role played in deformation and 
fracture by surface cracks, grown-in dis- 
locations, and fresh dislocations. 


Tensile and Creep Behavior of Graphites at 
Temperatures above 3000°F. 

H. E. Martens, D. D. Button, D. B. Fisch- 
bach, and L. D. Jaffe. Jet Propulsion La- 
boratory, California Institute of Technology. 
JPL Progress Report 30-18, October 15, 1959. 
18pp. 

At 5,000°F the tensile ductility of one lot 
decreased from 40 to 1 percent when the 
strain rate was increased from 5: 10-5 to 
I - 10~?sec™!. The strength increased slightly. 
Tensile creep rate measured at 4,650°F for 
one lot of graphite was proportional to the 
square of the applied stress. Preheating a 
specimen to 5,100°F before testing it at 
4,800°F under a stress of 2,800 p.s.i. reduced 
the creep rate from 4 : 10~5sec~! for the non- 
heated specimen to 1.5 -10-5sec-! for the 


preheated specimen. Analysis of the creep 
data has been attempted in terms of three 
different creep equations. The equation ¢ = 
A + B logt + Ct gives the most satisfactory 
description of the data in agreement with 
Davidson and Losty. B and C were found to 
be Arrhenius functions of the temperature 
and there is evidence that they represent two 
distinct thermally activated processes. Creep 
recovery can be approximated by a logarith- 
mic time dependence, though a distribution 
of relaxation processes is a better approxi- 
mation. 


The Thermal Expansion of Synthetic Gra- 
phites at Temperature Intervals Between 80 
and 2000°F. 

Robert D. Allen. Jet Propulsion Laboratory, 
California Institute of Technology. JPL Pro- 
gress Report 30-20. November 30, 1959. I7pp. 
The mean linear and cubical coefficients of 
thermal expansion of eight commercial lots 
of graphite were determined for temperature 
intervals between 80° and 2000°F. The linear 
thermal expansion was measured with an 
automatic recording dilatometer using a rod- 
shaped specimen 2 inches long and 1/4 inch 
across. The specimen was heated in an atmos- 
phere of helium. The results are in good 
agreement with those of Currie, Hamister, 
and MacPherson. The mean linear coefficient 
was found to increase with temperature. For 
the lots studied, the mean linear coefficients 
from 80° to 2000°F were 1.50 to 2.34 - 10~8/°F 
parallel and 2.26 to 3.45 - 10~§/°F perpendic- 
ular to the grain and were found to vary 
linearly with the electrical resistivity meas- 
ured at 32°F. 


2. ADHESION AND FRICTION 


2.1 Adhesion 


Measurement of Adhesion of Thin Films. 
P. Benjamin and C. Weaver. Royal Society, 
Proceedings, v. 254, ser. A, Feb. 9, 1960, 
p. 163-176. 

Methods of measuring adhesion are considered 
and an analysis is presented of a method 
which is particularly suitable for thin films. 
In this method, a rounded steel point of 


smooth contour is drawn across the film 
surface and the load on the point is gradually 
increased until the film is removed, elaving a 
clear channel. It is shown experimentally that 
the load required depends upon the nature of 
the interface between film and substrate 
without being directly dependent upon the 
mechanical properties of either. 
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Adhesion of Metal Films to Glass. 

P. Benjamin and C. Weaver. Royal Society, 
Proceedings, v. 254, ser. A, Feb. 9, 1960, p. 
177-183. 

The adhesion of metal films produced by 
vacuum evaporation has been measured by 
drawing a smoothly rounded chrome-steel 
point across the surface and gradually in- 
creasing the load on the point until the film 
was removed. Results are presented for Au, 
Fe, and Al. 


Zur Physik des Haftens fester K6rper. 

The Physics of Adhesion of Solid Bodies. 
H. Krupp, G. Sandstede and K.-H. Schramm. 
Chemie-Ingenieur-Technik, v. 32, February, 
1960, pp. 99-105. 

The nature of dispersion forces as one of the 
main causes of adhesion processes is explained 
and using a very simple model the magnitude 
of the adhesion forces is estimated. Further, 
the possibilities for improvement of the model 
employed are indicated so that the influence 
of the molecular structure of the boundary 
surface can be taken into account. 


Elastic Contact of Rough Surfaces. 

(in Russian) 

N. B. Demkin. [zvestiia Vysshikh Uchebnykh 
Zavedenii, Mashinostroenie, 1959, no. 6, p. 
44-51. 

Models of the surfaces are obtained by means 
of a collection of spherical projections with 
an absolutely smooth hard surface. The model 
selected is connected with the bearing curves 
of real surfaces. Calculation reveals the re- 
lationships expressing the actual area of con- 
tact and the approach through the geometry 
of the surfaces and the mechanical properties 
of the material. (See also Wear, 3 (1960) 170.) 


2.2. Friction 


Low Friction of Metals in Reciprocating 
Sliding. 

Yasukatsu Tamai. Journal of Applied Physics, 
v. 30, Dec. 1959, p. 1874-1875. 

A very low friction, about 10-2, has been 
unexpectedly observed in reciprocating sliding 
with Au, Ag, Cu, and Pt. It was found that 
the characteristics common to those metals 
were soft metal substrate and no surface 
oxide or soft oxide. 


Hysteresis Losses in the Friction of Lubri- 
cated Rubber. 

David Tabor. Rubber Chemistry and Technolo- 
gy, V. 33, no. 1, Jan.-Mar. 1960, p. 142-150. 
(Reprinted from the Proceedings of the First 
International Skid Prevention Conference, 
Virginia Council of Highway Investigation 
and Research, Charlottesville, Va., 1959, p. 
211-218.) 

Resistance to sliding on wet or slippery road 
surfaces may be considerably increased by 


using a tire rubber which maintains a high 
hysteretic loss over the range of speeds and 
temperatures developed during operation. In 
order to reduce the tendency to overheat, a 
duplex structure is suggested in which the 
body of the tire has low losses while the tread 
has high losses. 


A Proposed Mechanism for Ice Friction. 
C. D. Niven, National Research Council, 
Ottawa. Can. J. Phys., v. 37, 1959, p.247; 
(x fig., 14 ref.) 

The collapsible structure of ice is stressed. 
The adhesion bond is visualized as being as- 
sociated with a readjustment of a partially 
collapsed or distorted molecular structure 
when cooling sets in after plastic flow has 
occurred in the asperity. With this general 
idea in view the friction mechanism on ice is 
compared in detail with that on a non-collap- 
sible material, and explanations for obser- 
vations are suggested. 


The Effect of High Loading on the Kinetic 
Friction of Ice. 

C. D. Niven, National Research Council, 
Ottawa. Can. J. Phys., v. 32, 1954, p. 782- 
789; (5 fig., 9 ref.) 

The kinetic friction of stainless steel on ice 
decreased very markedly at high loadings of 
30 to 50 kg/cm?. This constituted a violation 
of Amontons’ law. At low loading the mate- 
rial of a slider is of far greater importance 
than at high loading, which suggests that in 
the explanation of the friction of ice at least 
two important factors are involved, which are 
related respectively to (a) pressure and (b) 
adhesion. 


Rolling Friction of Polymeric Materials. I. 
Elastomers. 

Donald G. Flom, J. Appl. Phys., v. 31, no. 2, 
1960, p. 306-314; (17 fig., 1 table, 29 ref.) 
Coefficients of friction for the rolling of steel 
balls on butyl, silicone and Neoprene elas- 
tomers have been measured in the temper- 
ature range of 25 to 100°C. For equivalent 
amounts of deformation, rolling friction is 
directly proportional to dynamic mechanical 
losses measured by a rebound method. In 
addition, the coefficients of friction vary 
directly with (load) 1/3 and inversely with (ball 
radius) 2/3. These results are in agreement with 
recent theoretical predictions. 

The high mechanical losses and rolling friction 
for the butyl elastomer at 25°C drop sharply 
on increasing the temperature to 100°C. For 
the silicone and the Neoprene the losses and 
the friction decrease only slightly with in- 
crease in temperature. 


Investigation of Tandem-Wheel and Air- 
Jet Arrangements for Improving Braking 
Friction on Wet Surfaces. 

Eziaslav N. Harrin. NASA Technical Note 
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D-405. June 1960. 20pp. OTS price, $0.50. 
An investigation was made on a tire treadmill 
to determine the effectiveness of two methods 
of clearing away water ahead of a braking 
wheel in improving braking friction. One 
method consisted of mounting an idling wheel 
ahead of the braking wheel and the other 
method consisted of directing an air jet on the 


water-covered surface. The depth of the water 
was 0.09 in. for all tests. Measurements of 
maximum braking, full-skid braking, and 
free-roll friction coefficients were obtained for 
both methods while operating smooth and 
diamond-treaded 3.00 X 7 tires at speeds up 
to 93 ft./sec. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication 


The Measurement of Oil-Film Thickness in 
Gear Teeth. 

I. O. MacConochie and A. Cameron. ASME, 
Transactions, Series D, Journal of Basic En- 
gineering, v. 82, no. 1, Mar. 1960, p. 29-34. 
The voltage drop across thin oil films when a 
constant current of 1 amp is passed, 7.e., the 
discharge voltage, is used to measure the 
oil-film thickness between loaded gear teeth 
while running. It is found that the thickness 
at the pitch line is between 1 and 4 - 10-4 in., 
which varies slightly with the viscosity and 
rather more strongly with load. The thickness 
at the tips and roots is very dependent on the 
tip relief. The conditions here may explain the 
difference between disk and gear tests. These 
experimental values are compared with theo- 
retical work and are shown to be of the same 
order of magnitude. (See also a forthcoming 
paper by I. O. MacConochie and W. H. New- 
man, Jr., Wear, v. 3, 1960, in the press.) 


The Motion of a Thin Oil Sheet under the 
Boundary Layer on a Body. 

L. C. Squire. Royal Aircraft Establishment 
(Gt. Brit.). RAE Report Aero 2636. February 
1960. 24pp. & illus. 

A solution is obtained for the motion of a thin 
oil sheet, of nonuniform thickness, under a 
boundary layer. It is deduced that: (a) The 
oil flows in the direction of the boundary- 
layer skin friction, except near separation, 
where the oil tends to indicate separation too 
early. These conclusions are independent of 
oil viscosity. (b) The effect of the oil flow on 
the boundary-layer motion is very small. The 
application of the results to the interpretation 
of oil-flow patterns is briefly considered. 


Stability of Position of Equilibrium of a 
Journal on an Oil Film. 

M. V. Korovchinskii. Institut Mashinovede- 
niya, Akademiya Nauk S.S.S.R. Friction and 
Wear in Machines, Collection XI, Moscow, 
1956, p. 264-323, Translation No. 1272. 
September 1959. Price £ 8/o/o. British Iron 
and Steel Industry Translation Service, The 
Iron and Steel Institute, 4 Grosvenor Gardens, 
London, S.W.I. 

Introduction; Determination of the pressure 
in an oil film with disturbed motion of the 
journal; Deriving equations for disturbed 
motion; Stability in relation to original dis- 


turbances of state of equilibrium of a journal 
on an oil film; A comparison of data from 
the elementary theory of the stability of the 
motion of a journal on an oil film with results 
from the approximate theory. 


A Theory of Lubrication With Turbulent 
Flow and Its Application to Slider Bearings. 
L. N. Tao. ASME, Transactions, Series E, 
Journal of Applied Mechanics, v. 27, no. I, 
Mar. 1960, p. I-4. 

The governing equation of turbulent lubri- 
cation in three dimensions, equivalent to the 
Reynolds equation of laminar lubrication, is 
derived. The problem of a slider bearing with 
no side leakage is then analyzed. An exact 
solution is found in closed form. Bearing 
characteristics are also established. It is found 
that the Reynolds number is an important 
parameter in the problem of turbulent lubri- 
cation. Furthermore, it is shown that the 
laminar lubrication may be considered as the 
special case of the present study. 


Marginal Lubrication of Ball Bearings. 
Roland E. Barnaby, Jr. Sperry Engineering 
Review, v. 13, no. 1, Apr. 1960, p. 21-25. 
Discusses special techniques used in lubri- 
cating high-precision ball bearings used in 
inertial gyros. Effects of contamination and 
bearing surface imperfections are investigated 
as direct and indirect causes of lubricant 
breakdown. 


Progress in Roller Bearing Lubrication. 

O. J. Horger. Lubrication Engineering, v. 16, 
Feb. 1960, p. 69-76. 

Results of laboratory and field service tests 
are presented to show the progress being made 
toward operation of freight car journal roller 
bearings over a four-year lubrication period 
without adding grease. 


3.2. Lubricants 


Phthalocyanines as High-Temperature Lu- 
bricants. 

H. H. Krause, S. L. Cosgrove, and C. M. 
Allen. American Chemical Society, Division of 
Petroleum Chemistry, Symposia, Preprints, v. 
5, no. 2, April, 1960, p. Bro5—Brig. 

See Wear, 2 (1958/59) 488. 


Use of Molybdenum Sulfide as a Lubricant 
for Cold Rolling of Tubes. 
I. M. Pavlov, Iu. F. Shevakin, and Iu. S. 
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Seidaliev. Henry Brutcher Translation No. 
4678, 4 pp. (From Izv.V UZ, Chern, Met, no. 7, 
July 1958, p. 191-193.) Henry Brutcher, 
Altadena, Calif. 

Procedure developed for depositing MoS. 
onto surface of tools (plugs). Effect of sulfide 
coating on friction coefficient, pressure of 
stock on rolls, and sticking of tubes to work- 
ing surface of plug. Relation between effec- 
tiveness of MoSs lubrication and _ specific 
pressure of metal on plug. 


Behavior of Rubbing Molybdenum Surfaces 
in Sodium Environments. 

John W. Kissel, Carl W. Melton and William 
A. Glaeser. U.S. Atomic Energy Commission, 
BMI-1405, Jan. 4, 1960, 23 pp. 

Sodium was found to influence the sliding 
behavior of molybdenum by modifying react- 
ed films which provided boundary lubrication. 
These effects were also found to be temper- 
ature dependent. It was established that a 
sodium molybdate film on the molybdenum 
surfaces can be associated with low friction 
and diminished surface damage. 


The Choice of Gear Lubricants. 

H. J. Watson. Paper from ‘Proceedings of 
the International Conference on Gearing, 
London: 23rd—25th September 1958’’, The 
Institution of Mechanical Engineers, London. 
1958, p. 126-134. 

A representative group of gears was analyzed 
with respect to materials, speeds and loads; 
the desirable qualities of suitable lubricants 


are discussed. Results of tests to measure 
scuffing resistance and coefficient of friction 
in disc machines are considered using lubri- 
cants differing widely in viscosity and these 
are related to industrial gear practice. The 
effects of different sliding velocities, slide 
roll ratios and tooth loading on scuffing re- 
sistance and friction are discussed. Observed 
performances with straight mineral oils and 
“extreme pressure’ oils are compared and the 
properties of a few unusual lubricants are 
mentioned. 


Jet and Space Age Lubrication. 

E. B. Palmer. Scientific Lubrication, v. 12, 
Feb. 1960, p. 12 + 4 pages. 

Functions of aircraft lubricants; supersonic 
lubrication problems; present range of air- 
craft fluids; radiation resistant lubricants; 
solid film lubricants; vapor lubricated bear- 
ings; possibilities of ceramics. 


Lubricating Oils for Aviation Gas Turbines. 
V. V. Panov and Yu. S. Sobolev. (Translated 
from the Russian version published by the 
State Scientific and Technical Publishing 
House of the Petroleum and Mineral-Fuel 
Industry, USSR.) NASA Tech. Translation 
F-21. May 1960. 82 pp. OTS price, $2.25. 
The ultimate serviceability of gas turbine 
engine lubricating oils is assessed on the basis 
of results of tests on individual frictional 
assembly installations of engines and on full- 
scale engines. In certain cases, oils are tested 
under in-flight conditions. 


4. BEARINGS 


Babbitt Bearings. 

F. E. Black. Machine Design, v. 32, Feb. 18, 
1960, p. 163-165. 

A guide to proper selection of bearing com- 
position, surface preparation, tinning, and 
babbitting to insure top performance and re- 
liable service. 


Turbine-Bearing Design. 

Paul C. Warner. Mechanical Engineering, v. 
82, Feb. 1960, p. 82-85. 

Journal bearings for electric-utility turbines 
require the ultimate in bearing reliability. 
Current research ranges from oil-film damp- 
ing to electrical pitting. Warning devices with 
hydraulic trips now guard the turbines. 


The Behavior of Lubricated Ball Bearings in 
Controlled Atmospheres, 

W. A. Glaeser. Lubrication Engineering, v. 16, 
February, 1960, pp. 56-60. 

Ball bearings were run in gaseous atmospheres 
free of oxygen and water vapor and the in- 
fluence of this environment on bearing per- 
formance studied. The gases used in this study 
included hydrogen, helium and nitrogen- 


hydrogen mixture. In general, bearing oper- 
ation was satisfactory in the gaseous environ- 
ments, provided they were copiously lubri- 
cated with petroleum or turbine oils. Bearing 
surfaces appeared highly polished after run- 
ning in pure gases. The polishing effect was 
most noticeable in bearings operated in hy- 
drogen environment, the rubbing surfaces 
having a finish comparable to a metallo- 
graphic polish. 


Determination and Correlation of Funda- 
mental Instrument Bearing Parameters. 
Theodore P. Barnard and Richard S. Guyette. 
Lubrication Engineering, v. 16, Feb. 1960, 
p. 61-68. 

Shows why the measurement and evaluation 
of dimensional, geometrical and performance 
qualities of miniature instrument ball bear- 
ings require the use of unique ultra-precise 
instruments. Describes instrumentation used 
to accomplish the required measurements and 
particularly the development of a bearing 
quality analyzer. Illustrates use, correlation, 
and interpretation of these instruments and 
test data. 
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Study of Effect of a Non-Newtonian Oil on 
Friction and Eccentricity Ratio of a Plain 
Journal Bearing. 

G. B. DuBois, F. W. Ocvirk and R. L. Wehe, 
Cornell University. NASA Tech. Note D-427. 
May 1960, 43pp. OTS price, $1.25. 

The effects on the friction and oil film thick- 


ness of a journal bearing of using a non- 
Newtonian lubricating oil whose viscosity 
decreases at high rates of shear are investi- 
gated experimentally and analytically. The 
bearing friction is decreased, but the effect on 
film thickness and load capacity is incon- 
clusive and warrants further study. 


5. WEAR AND WEAR RESISTANCE 


Wear, Fatigue and Fretting Surface Damage 
of Materials. 

American Society for Metals, Cleveland. Sec- 
tions individually paged. 

Seven papers on compatibility of metal pairs, 
subsurface fatigue, pitting of gear teeth, 
scoring phenomena, fretting and fretting 
corrosion, and corrosion and sliding char- 
acteristics of metals at high temperatures. 


Wear Rates in Chassis Lubrication (Passen- 
ger Cars). 

L. C. Brunstrum and W. L. Hayne, Jr. NLGI 
Spokesman, v. 23, no. 10, Jan. 1960, p. 394— 
400. 

Although road tests have been used exten- 
sively to evaluate performance of chassis 
greases, little quantitative information is 
available on wear rates. To learn how much 
each chassis part wears, fifteen cars represent- 


6. ANALYSIS 


Measurements of Wear in Combustion 
Motors by Using Radioactive Isotopes and 
Spectroanalysis. (in German) 

J. Jaspert and A. Reuter. Motortechnische 
Zeitschrift, v. 21, no. 5, May 1960, pp. 181-183. 
A survey is given of the factors to be consid- 
ered in the selection of a method to measure 
wear. By means of radioisotopes the abrasion 
on small structural elements and even on 
selected points of such elements may be meas- 
ured rapidly and continuously. Often, con- 
ventional analytical methods are of advan- 
tage for the examination of larger structural 
elements or for simultaneous examination of 
several machine elements in long-duration 
tests. The selection of the measuring method 
should therefore be preceded by a careful 
examination of the requirements of the spe- 
cific case. (See also Wear, 2 (1958/59) 335.) 


New Acoustic Method of Flaw Detection 
and Some Results of Its Application. 

Yu. V. Lange. Ministry of Aviation (Gt. Brit.) 
MOA TIL/T. 5084. June 1960. 5pp. Trans- 


ing seven makes and lubricated with four 
greases were driven about 25,000 miles, and 
wear was determined by loss in weight of the 
parts. To avoid further difficult and costly 
road testing, a laboratory tester was develop- 
ed that duplicates the action of plain oscil- 
lating bearings. 


Transient Piston Ring Wear in Automotive 
Engines Using °°Fe. 

James J. Gumbleton, Farno L. Green and 
William J. Mayer. Nuclear Science and Engi- 
neering, V. 7, Apr. 1960, p. 313-319. 

A single cylinder engine with a radioactive Fe 
piston ring was used to observe transient wear 
during break-in cold start-up, and changes 
in speed. Small changes in engine speed and 
load under some conditions produce more 
wear during a given time interval than steady- 
state operation at high speeds and loads. 


AND TESTING 


lation from Priborostroenie, no. 6, 1959, p° 
23-25 (U.S.S.R.). 

An acoustic method is described based on the 
principle of measuring the mechanical im- 
pedance at a given point on the surface of an 
article by means of the reaction produced on 
a transmitting element which sets up elastic 
vibrations in the article. 


Establishing a Rule for the Tyre Load Vari- 
ations in Respect to Speed. (in Italian) 

L. Amiciand E. Robecchi, Ricerca e sviluppo, 
No. 12, November 1959 (Pirelli). 

The safety, economy and driving comfort 
requirements in motor transport make it 
necessary to give a more detailed definition 
as regards the working conditions of tyres. 
Namely, it is necessary to consider the var- 
ious load and inflation pressure conditions, 
fixing the maximum speed for each one in 
conformity with the safety and economy of 
the tyres with which the motor vehicle is 
equipped. Theoretical principles and experi- 
mental processes leading to a rule for all types 
of tyres for commercial vehicles are given. 


7. SURFACE TREATMENT AND FINISHING 


The Electrolytic and Chemical Polishing of 
Metals in Research and Industry. 

W. J. McG. Tegart. 2 ed. 139 pp. 1959. 
Pergamon Press, New York. 


The mechanism of electrolytic polishing, the 
electrical characteristics of the polishing pro- 
cess, influencing polishing conditions, labora- 
tory and research applications of electrolytic 
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polishing, general principles for laboratory 
methods, the use of perchloric acid, labora- 


8. MACHINING AND 


Hydrospark Forming ... Evolution of the 
Process. 

H. J. Wagner and J. G. Dunleavy. Tool En- 
gineey, V. 44, no. 3, March, 1960, pp. 83-86. 
The electrical spark discharge in liquids ap- 
pears to be a convenient and powerful method 
of converting electrical to mechanical energy. 
The use of the electrohydraulic effect as a 
metal working tool has certain inherent ad- 
vantages, such as simplicity, which may make 
it economically feasible in metal-forming ap- 
plications. Much as in explosive forming, the 
energy may be applied to the metal being 
worked either through a liquid medium or by 
actuating a ram which forms the metal. 


The Cutting Mechanism of Fine-Grain 
Abrasive Stone. 

Tokio Sasaki and Kenjiro Okamura. Kyoto 
University, Memoirs of the Faculty of Engi- 
neering, v. 21, pt. 4, Oct. 1959, p. 367-392. 


tory methods for specific metals and their 
alloys, and other problems are discussed. 


Toor, WEAR 


The contact mechanism between the stone 
and the work surface was investigated theo- 
retically in order to determine the number 
of cutting points. The number of cutting 
points is obtained as a function of the rough- 
ness of the stone surface, pressure on the 
stone and hardness of the work material. 


Performance and Wear Characteristics of 
Ceramic Tools. 

E. J. Krabacher. Microtecnic (English Edi- 
tion), v. 13, no. 6, Dec 1959, p. 291-297. 
Milling with ceramic tools at high cutting 
speeds shows greater tool life on cast Fe, and 
on certain nonferrous materials, such as pure 
Ni. Steels such as AISI 4340 and AISI 1018 
have been successfully milled with ceramic 
tools at 2000 fpm, yielding good tool life with 
no major evidence of serious chipping under 
good laboratory controlled conditions. 
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Bibliographies 


SSS 


GERMANY 


Ber. deut. vheol. Ges., (1959) Heft 17; 221 pp. 


(a)On the activities of rheological societies during 1959. 
(b) Bibliographies inter alia on friction, lubrication and wear covering 1957 and 1958; about 600 


titles. 
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RUMANIA 
Travaux du domaine de la mécanique appliquée publiés dans la revue Studii si cercetari de mecanica 
aplicata, publication trimestrielle en langue roumaine de l'Institut de Mécanique Appliquée 
,, Traian Vuia’’, pendant les ro années de parution. 


Tome No. Année Page 


Lubrification, Frottement et Usure 


CoNSTANTINESCU, V. N., Considérations sur le calcul des paliers sans jeu 


radial 
CONSTANTINESCU, V. N., Considérations sur le calcul des paliers circulaires 

d’allongement infini, lubrifiés aux gaz ’ 
CoNnSTANTINESCU, V. N., Considérations sur le calcul des paliers circulaires 


V (3-4) (1954) 425 


VI (3-4) (1955) 377 


d’allongement infini lubrifiés aux gaz ; NTT) (oso) eer 
CONSTANTINESCU, V. N., Considérations sur le calcul des paliers d’allonge- 
ment infini, lubrifiés aux gaz, composés de surfaces planes VII (3) (1956) 741 
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CoNSTANTINESCU, V. N., Le calcul des paliers sans jeu radial, soumisades 
charges et vitesses variables 

CoNnSTANTINESCU, V. N., TANasicruc, C.,GRABARI, V., Détermination ex- 
périmentale de la charge supportée par les essieux des wagons de che- 
min de fer 

ConsTANTINESCU, V. N., L’influence de la turbulence sur le mouvement 
dans la couche de lubrifiant 

CoNSTANTINESCU, V. N., Etude de la lubrification bidimensionnelle en 
régime turbulent 

CoNSTANTINESCU, V. N., Considérations sur la lubrification aux gaz en 
régime turbulent 

CoNSTANTINESCU, V. N., La lubrification en régime turbulent des paliers 
soumis a des charges et vitesses variables 

CoNSTANTINESCU, V. N., La stabilité du mouvement des paliers circulaires 
lubrifiés en régime turbulent 

ConsTANTINESCU, V. N., Sur la stabilité des paliers circulaires lubrifiés 
aux gaz 

CONSTANTINESCU, V.N., Le calcul des paliers composés de surfaces planes, 
lubrifiées en régime turbulent 

IsAcescu, D., Vasttca, GH., CALCAN, V., Nica, AL., Quelques propriétés 
fonctionnelles d’un matériel plastique, fabriqué 4 base de résine fur- 
furol-phénolique, employé a la fabrication des coussinets 

Nica, Av., Considérations sur la cinématique des paliers a rouleaux dans 
le cas de la lubrification hydrodynamique 

PaveELeEscu, D., Ittuc, I., L’étude, par des méthodes radioactives, de 
V’influence de la viscosité sur l’épaisseur de la pellicule de lubrifiant 

SEBESAN, 5tT., L’usure des bandages et des rails 

STRATILESCU, AL., Contribution 4 l’unification des lubrifiants pour auto- 
véhicules 

STRATILESCU, AL., Détermination des périodes de changement de l’huile 
des véhicules automobiles 

TrpreI, N., Une méthode générale pour |’étude du mouvement dans la 
pellicule de lubrifiant entre deux surfaces de dimensions finies 

Tipe, N., Le calcul des paliers lisses 4 charge variable 

Tipet, N., Paliers a éléments géométriques variables 

TireEr, N., Recherches expérimentales sur les paliers lisses 

Triper, N., Le mouvement des fluides visqueux entre parois solides ayant 
un déplacement relatif quelconque 

Trper, N., Nica, AL., Sur les conditions aux limites dans le probléme de la 
lubrification 

Tipe1, N., Lubrification des surfaces cylindriques & mouvement de roule- 
ment et de glissement 

Trpe1, N., Nica, Al., Les pressions et les caractéristiques globales dans la 
lubrification des surfaces cylindriques & mouvement de roulement et 
de glissement 

TipeEr, N., Nica, AL., Recherches sur les régimes de fonctionnement des 
paliers. I. Influence de la variation de la viscosité 

Vasitca, GH., Sur l’utilité de la caractéristique p = f(V) pour les paliers 
circulaires de glissement 

VasILcaA, GH., FREUND, P., Etudes expérimentales sur certains matériaux 
antifriction de substitution pour les pailers lisses 

VasiLica, GH., Etude du coefficient de frottement dans un palier cir- 
culaire, au moyen des courbes p = g(V) 

Vasitca, Gu., Nica, Av., Sur le meilleur régime thermique de fonctionne- 
ment d’un matériel antifriction, dans les paliers lisses circulaires 

VasiILca, Gu., Nica, AL., Recherches sur les caractéristiques du fonction- 
nement des paliers confectionnés en matériaux divers 


Tome No. Année 


VIII (3) (1957) 


VII (4) (1957) 
IX (1) (1958) 
IX (1) (1958) 
IX (2) (1958) 
IX (3) (1958) 
IX (4) (1958) 
X (1) (1959) 


X (3) (1959) 


IX (4) (1958) 
X (2) (1959) 


(3) (1958) 
(3-4) (1954) 


IV (1953) 


IX (2) (1958) 


Page 


789 


IO51 
103 
139 


369 


1039 


359 
737 
499 
773 

13 
163 


hid. 
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Forthcoming Event 


TTT 


B.H.R.A. INTERNATIONAL FLUID SEAL MEETING 


Ashford, Kent 
April 17-19, 1961 


A meeting is to be held at which papers on recent technical advances in fluid sealing will be 
presented and opportunities will be provided for discussion between workers in this and related 
fields. 


Classification of Topics 


1. Liquid Seals 3. Sealing Materials 

Rotating shafts Properties of packings for stuffing-boxes 
Packed glands (Stuffing-boxes) Properties of rubber-based packings and rings 
Radial-face and mechanical seals Properties of materials for radial-face seals. 
Lip seals 

Reciprocating shafts 4. Miscellaneous 
Packed glands ; Screw and other types of dynamic seals 
Preformed tubber-based packings Seals for extreme conditions of speed, pressure. 
“OQ”’-rings and similar seals temperature, etc. 

Methods of sealing corrosive fluids 

2. Gas Seals Methods of sealing contaminated fluids 

Positive-types (e.g. radial-face) Sealing of two-phase fluids 

Labyrinth-types Thin film theory and high rates of shear 


Static seals 
For details write to: 
The British Hydromechanics Research Association, 


South Road, Temple Fields, Harlow, Essex. 
Attention: Mr. H. Stephens. 
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Notes on Contributors 


RoBERT HENRY BROMLEY, B.Sc., A.R.C.S.: born at Leicester and obtained his degree in 1953 
at Imperial College; from then until May 1960 he worked on rheological problems at the Print- 
ing, Packaging & Allied Trades Research Association. [See p. 388] 


H. Heatu, A.M.1. Mech.E.: born in Portsmouth; educated at Truro School and, while serving an 
apprenticeship, at the Cornwall Technical Institute at Camborne. In 1947 joined the National 
Gas Turbine Establishment at Farnborough and worked on fuel burners; in 1950 joined the 
Research and Development organization of the United Kingdom Atomic Energy Authority ; in 
1954 joined the Atomic Power Division of English Electric Co. Ltd. at Whetstone, Leicester, and 
is now head of the Engineering Laboratories. [See p. 358] 


Jean Kestens: né & Etterbeek ingénieur civil électricien et mécanicien, Faculté Polytechni- 
que de Mons (Belgique), 1945; Ph.D. (Appl. Math.), Brown University (Providence, R.I., 
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U.S.A.) 1955; Agrégé de l’Enseignement supérieur, Université Libre de Bruxelles, 1958; Associé 
du Fonds National de la Recherche Scientifique; Chef de Travaux a |’Université Libre de 
Bruxelles (Institut de Mécanique Appliquée). Antérieurement: Assistant @ 1’ Université Libre 
de Bruxelles, 1950-1958, et Secrétaire Technique 41’ Institut Belge de la Soudure, 1956-1958. 

[See p. 329] 


]. MotcaarD, B.Sc: born at Kunming, China; studied physics at the Queen’s University of Belfast. 
Has been working since 1957 in the Research Department of British Nylon Spinners Ltd., mainly 
on surface morphology and friction. [See p. 394] 


Barry L. Morpike: born in Birmingham, England; educated at Birmingham University, 
where he obtained the degree of B.Sc. (1st class Hons.) in physical metallurgy; obtained the 
degree of Ph.D. at Cambridge University, where he investigated the properties (in particular 
friction) of solids at high temperatures; is at present Ciba Research Fellow at the Institut fiir 
Metallphysik der Universitat Gottingen. [See p. 374] 


K. F. Puiiies: born at Winslow, Buckinghamshire; obtained a Higher National Certificate in 
Applied Physics at the Oxford College of Technology. Employed for ten years in the radioactive 
tracer laboratory of the Department of Agriculture at Oxford University; since 1957 has been 
engaged on research into friction and wear in the Mechanical Laboratories of the Atomic Power 
Division, English Electric Co. Ltd. at Whetstone, Leicester. [See p. 358] 


A. SELWoop: born in Sheffield, graduated in physics at the University of Leeds, where he also 
obtained a Ph.D. degree in the Textile Department. Was engaged for two years on problems of 
electronic circuits and vibrations at the Bristol Aircraft Company; now working principally on 
problems of friction and wear in Research Department, British Nylon Spinners Ltd. 

[See p. 394] 


P. B. G. Upton: born in Bermondsey, London; studied at London University, and has been with 
the Printing, Packaging & Allied Trades Research Association since 1940; for some ten years past 
has been mainly concerned with the practical performance of books and their diverse component 
materials, and with the provision of relevant physical and chemical test methods. 

[See p. 388] 
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